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EXECUTIVE SUMMARY 


The objective of this program was to further develop the coating combinations 
identified in a previous program for compliant surface bearings and journals 
to be used in an automotive gas turbine engine. The coatings should be able 
to withstand the sliding start and stop contacts during rotor liftoff and 
touchdown under the representative loading of the engine of 14 kPa (2 psi) 
and up to 35 kPa (5 psi) if possible, and at a maximum temperature of 427^C- 
650°C. They should also be able to withstand occasional short-time, high- 
speed rubs at service temperature with a maximum loading of 6 g. 

Some dozen coating variations of (sputtered), CdO-graphite and Ag 

addition (air sprayed), and CaF^ (plasma sprayed) were Identified. Limited 
work was done on detonation gun), Pb 0 -Si 02 “Ag (fused), 

CaF^-BaF^-Ag (fused), HfN (ARE), TIC (ARE), CaF2~Zr02 (plasma sprayed) and 
other proprietary Kaman DES and SCA coatings. Coatings application parame- 
ters were optimized. The coatings were examined for stoichiometry, metallur- 
gical condition and adhesion. 

As discussed later, sputtered ^"^ 2^3 sprayed CdO-graphite-Ag coatings 

on bearing surfaces were particularly successful in screening tests. 

Great care is required in the selection of optimum sputtering parameters to 
obtain adherent ^'^ 2^3 coatings. Annealed substrates, metallic binders and 
interlayers have been investigated as a means of improving the ductility and 
the adherence of the coatings. Metallurgical examinations were conducted on 
the samples to screen out the good coatings. SEM photographs were taken up 
to lOjOOOX for examination of surface morphology. A 180® bend test, where 
coated foil samples were bent on themselves, was conducted to determine the 
coating adhesion and cohesion. Adhesion strength of the coating was measured 
using a tensile type tester. Flex tests on the coatings were done. An Auger 
electron spectroscopic analysis was conducted to determine the elemental 
composition of the surface and to determine uniformity through the coating. 
X-ray diffraction analysis was conducted to determine the structure of the 
materials. 



Low pressure in the sputtering system, less target-substrate spacing, high 
power, water-cooled substrate and sputter-deposit mode improved the coating 
adhesion and its smoothness. Biased coatings were not as adherent as sputter- 
deposited coatings and had a lot of internal stresses. The cleanliness of 
the substrate, target, and the system was extremely crucial. The sputtering 
parameters had no influence on the coating composition. The optimized parame- 
ters for Cr 203 coating in our sputtering system were: 


Spacing Power 
mm Watts 


Chamber 

Pr Bias 

Microns Sputter 


Water 

Cooled 

Substrate 


Coating 
Thickness 
ym (pin.) 


41.3 390 6 


No 


Yes 1.02 (40) 


The adhesion strength (in tension) was in excess of 68.9 MPa (10 ksi) . The 
coatings as sputtered were amorphous after heat treatment, they crystallized 
and the structure was identified as Cr^O^. 

Ni“Cr bonded Cr^O^ was found to have improved ductility as indicated by the 
bend tests but the coating did not perform very well during start-stop tests. 
The scratch resistance of the coating did not change from the Ni-Cr addition. 
Further optimizations are recommended. 

In order to further improve the performance of CdO-graphite, Ag particles 
were added. A very fine silver grade (particle size 1 to 5 microns) was 
needed to obtain a uniformly dispersed coating which would not pull off 
easily during burnishing and the sliding. 

The optimized coatings were first applied on flat test coupons (50 mm x 50 mm) 
which were subjected to static oven tests. The tests were conducted to 
screen out those coatings which could not stand the extended thermal exposure 
and thermal cycling. The tests consisted of exposure of material samples in 
an oven for 100 hours duration at service temperatures of 427°C, 540°C or 
650®C, and exposure to 10 temperature cycles from room temperature of the 
service temperatures. 
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After the oven tests, the specimens were examined using the following tech- 
niques: flex bending test, tape test, scratch test, superficial hardness 

test, weight change and metallurgical examinations. The surface morphology 
of coatings was examined in the Scanning Electron Microscope (SEM) . Micro- 
probe analysis was utilized to determine the elemental composition. 

The selected coatings were applied on the bearing and journal surfaces and 
were subjected to start-stop tests. The start-stop cycle tests consisted of 
testing partial-arc bearings at 14 kPa (2 psi) loading based on bearing pro- 
jected area for 3000 start-stop cycles at maximum service temperature, 3000 
start-stops at intermediate temperature and 3000 start-stop cycles at the 
room temperature, a total of 9000 start-stop cycles. Static and dynamic 
breakaway torques were recorded during the tests. Based on torque data, 
visual examinations and metallurgical examinations of the bearing surfaces, 
the following combinations were recommended: 


Foil Coating 

Journal Coating 

Maximum Test 
Temperature 
°C (°F) 

CdO-Graphlte-Ag 

Det. Gun and Ground 

427 

(HL-800-2) 

Ni-Cr bonded 

(800) 

8-10 pm thick 

60-90 \xm thick 


Sputtered Cr20^ 

Det. Gun and Ground 

650 

1 pm thick 

Ni-Cr-bonded Cr^C^ 

(1200) 


60-90 \im thick 



^^2^3 ^^3^2 combination was further successfully tested in 

full bearing tests to ensure that any wear debris generated would not give 
any problem. This coating combination has also been successfully tested for 
a total of 9000 start-stop cycles at a normal load of 14 kPa (2 psi) and at 
a maximum test temperature of 427®C (800®F). 


Both the coating combinations were also tested during start-stop cycles at a 
higher normal load of 35 kPa (5 psi) loading. The coatings were able to 
survive for 3000 start-stop cycles at this load. 
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Finally, both the coating combinations were tested under shock loading with 
the journal running at 30,000 rpm. Contact resistance measurement between 
the bearing and the rotating journal verified that each shock level provided 
micro-contacts during shock application. Both the coatings survived 100 g's 
of impact and further testing was terminated because the foil bumps deformed 
at this loading level. It should be noted that the anticipated g level in 
the automotive gas turbine engine is six and this requirement was greatly 
exceeded. 
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I . INTRODUCTION 


BACKGROUN D 

The U. S. Department of Energy has funded the development of an automotive 
gas turbine engine that will meet proposed Federal emission standards and 
demonstrate improved fuel economy over a comparable internal combustion 
engine. To enable future automotive gas turbine engines to achieve the 
performance requirements, the engine must be compact, operate at high ro^ 
tational speeds, utilize high turbine gas temperatures, and be cost com- 
petitive. The high turbine gas temperatures will impose temperature re- 
quirements on turbine end support bearings that will Impose serious design 
penalties upon the use of oil lubricated support bearing systems in these 
areas. The self-acting (hydrodynamic) air lubricated compliant journal 
bearing is a likely candidate to fill this requirement. 

Potentially, the compliant air lubricated bearing offers the following ad- 
vantages in the gas turbine engine: 

• Higher cycle operating temperatures 

• Elimination of oil requirements and limitations 

• Greater accomodation of thermal distortions, assembly variations, 
and dynamic shaft motxon because of bearing compliance 

• Reduced frictional power loss at high speed 

• Reduced rotor noise 

• Lower bearing costs 

MTI has designed, fabricated, and developed a 38 mm (1.5-inch) diameter, 
HYDRESIL , air-lubricated, compliant journal bearing for use at the 
drive turbine end of the gas generator of the A-296 Upgraded Chrysler/ 

ERDA Automotive Gas-Turbine Engine, and this bearing is now used in the 
engine development program operating at up to 315®C (600“F) ambient temperature. 

The basic construction of a Hydresil bearing is shown in Figure I.l. 

The bearing consists of a top foil and a bump foil in a cartridge assembly. 
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Fig. I.l Basic Construction of a HYDRESIL Journal Bearing 


> 
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The bump foil gives distributed elastic support for the top foil which 
provides the bearing surface. The elastic support provides resilience 
and frictional damping in the bearing. Both foil members are only 0.1 
mm thick. Extremely important to the success of the hydrodynamic foil 
bearing, particularly when having to operate over a temperature range 
from below normal ambient up to 650 C (1200°F) and to speeds greater 
than 60,000 rpm, as anticipated in the advanced automotive gas turbine, 
is the selection of the journal and foil substrate materials and of 
wear resistant and lubricant coatings for the bearing foils. The ma- 
terials and coatings must be suitable for the range of environmental 
temperatures, be capable of surviving the start-stop sliding contact 
cycles encountered before rotor liftoff and at touchdown, and survive 
occasional short-time, high-speed rubs. 

In a recent two-part technology program, which was sponsored by NASA, the 
MTI Hydresil compliant hydrodynamic journal foil bearing was first extensively 
evaluated to achieve a greater understanding of the characteristics of the 
foil type of air bearing. The air film thickness around the bearing was 
measured from the rotating journal and the influence of end leakage of the 
air on bearing performance was determined. Then the maximum load capacity 
of the bearing in a 315®C (600®F) ambient was measured [1.1]*. Secondly, 
an intensive study was undertaken on a number of candidate materials and 
coatings. Static screening experiments and dynamic rig testing at tempera- 
tures up to 650®C (1200°F) were performed. The dynamic testing consisted 
of the simulation of start-stop sliding contacts [1.2]. In these studies, 
a baseline of coating performance was established at different operating 
temperature levels up to 650®C (1200*^F). 

In the program reported here, the major effort was applied to the most 
promising coating systems identified in the previous program. They were 
subjected to a careful review to determine what variables might be signi- 
ficant in effecting and improving long-life performance. Composition and 
techniques of coating application were developed or modified to improve 
coating systems life. Candidate materials were subjected to intensive 
static and dynamic tests at temperature. A parallel but minor effort was 

* Numbers in brackets indicate references listed at the end of this report. 
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maintained to develop other promising coating candidates and introduce new 
coating systems for the advanced gas turbine into the program. 

PROGRAM OBJECTIVE 

The prime objective of the program was to develop bearing and journal mate- 
rials and coatings suitable for use up to 650°C (1200*^?). The approach was 
to further improve and develop the most promising material coating systems 
evaluated or identified in the previous program under NASA Contract NAS3- 
19427; these are Items (i) , (ii) , and (iii) in the following listing. In 
addition, Items (iv) and (v) were developed and tested. 


Foil (Inconel X-750 ) Journal (A286) Temperature Range 


(i) 

Cadmium oxide + 
graphite 

Chrome carbide 

Ambient 

to 

370°C 

(700°F) 

(il) 

Uncoated 

Fluoride, silver 
compositions 

Ambient 

to 

5A0°C 

(1000°F) 

(iil) 

Chrome oxide (Sput- 
tered & Kaman DES) 

Chrome oxide (Sput- 
tered & Kaman DES) 

Ambient 

to 

650°C 

(1200°F) 

(iv) 

Chromium carbide 

Chromium carbide 

Ambient 

to 

650°C 

o 

o 

(v) 

Uncoated, preoxi- 
dized 

Uncoated, preoxi- 
dized 

Ambient 

to 

650°C 

(1200°F) 


A parallel effort on softer coatings for the 540-650®C (1000-1200°F) range 
was maintained because of potential problems with loose abrasive particles 
associated with hard particles. Soft coatings explored in this program 
were; Pb0-Si02“Ag coating and CaF 2 “BaF 2 eutectic-Ag coating. 

The program consisted of a combined material process modification and experi 
mental evaluation study. 

PROGRAM APPROACH 

The program approach, aimed at achieving improved coatings performance, was 
to subject selected candidates (and candidates with process modifications) 
to the following evaluation sequence: 
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Select Candidate 


ir 


MODIFY AND RECYCLE 


Select Process Variables, Prepare Specimens 

Perform Static Oven Screening Tests and Surface 
Integrity Tests 


Perform Dynamic Tests 

• Start-Stop 

• Partial Arc and Complete Bearing 



Acceptable Coating System 


-> REJECT 


REJECT 


> REJECT 


The plan provided means for recycling promising candidates for further re- 
finement. From a practical point of view, program candidates were handled 
in groups. 


Extremely important in the proposed program has been the effort to ensure 
the quality of specimens, care in screening, planning of the test matrices, 
and the quality of specimen analysis. 
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II, MATERIAL SURVEY AND SELECTION OF COATING MATERIALS 
CONSIDERATIONS IN COATING SELECTION 

When a hydrodynamic gas bearing starts or stops, the bearing and journal 
surfaces come in physical contact. Solid lubricants and/or hard wear re- 
sistant coatings are applied on the rubbing surfaces to minimize friction 
and wear. 

The type of damage which is of primary concern is that which results from 
the successive adhesion and breaking of opposing micro-peaks or asperties 
in the surfaces. This is known as adhesive wear. If hard coatings are 
used, they can come off at places in the form of small particles and these 
particles trapped in the bearing clearance would lead to abrasive wear. 

In this event, every effort has to be made to remove the wear debris from 
the bearing. So our primary concern is to select materials which have low 
adhesive and abrasive wear and low coefficient of friction. 

The conventional solid lubricants should have: low shear strength; good 

crystalline structure with preferred slip planes, e.g. layered lattice 
structure; good adhesion to the substrate; low hardness; and should be 
free from any abrasive contamination. The limitation of these lubricants 
is low temperature capability. For high temperature applications, hard 
wear resistant coatings are used which do not necessarily have low fric- 
tion. These coatings should be extremely hard and, of course, should 
have good adhesion to the substrate. 

Some reaction products with air provide effective lubrication in the tem- 
perature range they are formed [2.14]. In addition, many ceramic com- 
binations can interact to form eutectic compounds which behave as low 
shear strength solid films. In most cases, such preferential interac- 
tions are limited to high-temperature or high-energy input conditions, 
but the possibility of deriving some benefit from this type of reaction 
should not be overlooked since this effect would be most evident during 
very severe operating conditions such as a high speed rub at high ambient 
temperatures. 
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There are several other properties which do not influence friction and wear 

properties directly, but are important in selecting an optimum coating: 

• Mechanical Properties: The coating’s yield strength and modulus of elas- 

ticity, and ductility should be compatible with the substrate in the tem- 
perature regime. The solid lubricants should be extremely ductile much 
more so than the substrate - for low shear strength and self-healing flow 
characteristics. The hard coatings should have high fatigue, impacts 

and tensile strength to follow substrate deformation without cracking. 

• Thermal Stability: One of the advantages of solid lubricant coatings 

is their usability at temperatures higher than that of organic lubri- 
cants (<200®C). The coatings should be stable at elevated tempera- 
tures; i,e. should have adequate oxidation resistance. 

• Thermal Conductivity: Frictional heat is generated at the interface 

during sliding. If the thermal conductivities of the sliding members 
are low, the heat cannot be dissipated and high surface temperatures 
are generated which can cause local melting and surface chemical 
reactions. Therefore, coatings should have high thermal conductivity 
to rapidly dissipate frictional heat from the interface except for 
the cases where the reaction products or localized melting enhance 
lubrication of the surface. 

• Thermal Expansion: The coefficient of linear thermal expansion of 

the coating should be close to that of the substrate to minimize any 
interfacial stresses at temperature or during cooling and heating. 

The coating should also be dimensionally stable. 

• Melting point: Solid lubricants lose much of their friction-reducing 

property above their melting point because their solidity is due to the 
strong lateral attraction between the molecular chains composing them 
which, combined with low shear strength, makes them effective, solid 
lubricants [2.1]. Above the melting point the lateral attraction is 
destroyed by thermal motion and the metal surfaces are no longer pre- 
vented from contacting and welding at high points. 

• Corrosion resistance: The coating should not cause corrosion of the 

parts. 
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• Chemical Inertness: Solid lubricants should be inactive to the at- 

mosphere, especially in the presence of high humidity. Inertness to 
reactive acids, alkalies, and to organic fluids is also a useful 
property under some conditions. 

• Electrical Conductivity: High electrical conductivity is needed if 

the coatings are used to reduce wear of sliding contacts. When in- 
sulators are subjected to rubbing contact, a solid lubricant of 
low electrical conductivity must be used. 

• Density: For solids which are applied in the form of dispersion in 

a liquid, low density material makes it easier to maintain a stable 
dispersion. 

• Reactive replenishment: Coatings do wear. Oxidation of the substrate 
and the adjoining coating surface at high temperature during testing 
replenishes the oxide film continuously and thus protects the surface; 
this is known as reactive replenishment. This property is normally 
absent in solid lubricants. 

SELECTION OF FOIL AND JOURNAL MATERIALS 

The selection of foil and journal materials was made in the previous 
program [1.2] and the same materials are used here. Inconel X-750 was 
selected for foil bearings for the following reasons: prior favorable 

experience with the material, acceptable mechanical and thermal properties, 
ease of heat treatment, formability , availability in foil form, and cost. 
A-286 was selected for journals for the following reasons: acceptable 

mechanical and thermal properties at elevated temperatures, good machin- 
ability, availability, and cost. The properties of these materials can 
be found in Bhushan et. al. [1.2]. 

COATING MATERIAL SURVEY 

A fairly large number of coatings and treatments for foil and journal 
surfaces were selected in a previous program [1.2, 2.2, and 2.3]. The 
materials consisted of solid lubricants, hard and wear-resistant coat- 
ings, diffusion treatments, and proprietary coatings. Due to a thin 
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substrate, the foil member could be coated only with these films by physical 
vapor deposition, resin bonding, and fusion processes. The materials were 
subjected to static oven tests and start/stop tests. Based on the tests, 
the following materials were recommended for further optimization: 


FOIL COATING 

JOURNAL COATING 

MAXIMUM TEST 
TEMP.°C (°F) 

CdO-Graphite 

Det. Gun - 25% Ni-Cr, 75% Cr_C_ 

370 

(HL-800) 

3 2 

(700) 

Uncoated and 

Plasma Sprayed NASA PS120 

540 

Heat Treated 

(20% CaF 2 , 6% Tribaloy 400, 20% Ag) 

(1000) 

Kaman DES 

Kaman DES 

650 

(Proprietary Cr20^) 


(1200) 


In the previous program, Kaman DES performed very well in the partial arc 
bearing tests, but the wear debris collected at the interface in the full 
bearing tests. This coating is primarily Cr^O^. 

Murray [2.4] tested a number of materials for tilted pad gas bearing appli- 
cation. He conducted 1000 start/stop tests at 28kPa (4 psi) and highspeedrub 
tests at speeds up to 60,000 rpm. Based on his tests at room temperature, plasma 
sprayed chrome oxide versus itself was the best combination. No significant 
work has been done to develop sputtered Cr^O^ coating. This coating was 
first developed by Perrot [2.5] for optical purposes. Later it was used 
in the foil bearing work, e.g. [2.2]. However, no systematic optimization 
of sputtering parameters has been done. 

Tie and TIN deposited by sputtering, evaporation, and chemical vapor depo- 
sition techniques have been investigated in metal cutting tools, ball bear- 
ings, and other sliding applications [ 2 . 6 to 2. 9 ] . The performance of rf- 
sputtered TiC was compared to sputtered coatings of TiB2’ ^^2^5’ ^^^^2* 

MoSi^, Mo^C, and B^C by Brainard et. al. [2.7]. 

Friction and wear results on rf-sputtered coatings at room temperature 
showed that the carbides, in general and TiC in particular provided the best 
wear performance. At very light loads (<1.0N), TiB^ coatings showed good 
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wear properties and low friction. It should be noted here that TiC is 
stable below 540°C (1000°F). Sharma et. al. [2.6] investigated the CVD 
(chemical vapor deposition) coating for cemented carbide cutting tools. 

TiN has also been applied by CVD in metal cutting applications. The dis- 
advantage of this process is that the deposition temperature is very high 
(about 900°C) which many times adversely affects the substrate heat treat- 
ment and subsequent machining is required because of some deformation during 
the process. 

Brushan et.al. [2.8] have tested the cutting performance of cemented car- 
bide tools coated with HfN and TiC by the activated reactive evaporation 
(ARE) process. The tool life of the HfN-coated tools was better than 
that of TiC-coated tools. However, the flank wear rate of the TiC- 
coated tools was better than that of the HfN-coated tools. Since crater 
wear is the primary mode leading to failure of the cutting edge, the 
HfN coating appears to be better than the TiC coating. TiC coated high 
speed steel tools [2.8] exhibited a tool life of 300“800^ higher than the 
uncoated tools under continuous cutting conditions. Cutting forces also 
decrease by about 1/2 which indicated that the coefficient of friction 
must also markedly decrease. 

TiC, TiN, and HfN all have a cubic crystal structure. They are all sus- 
ceptible to oxidation above 5A0°C [2.10]. In fact, TiC is reported to 
oxidize at a significant rate above A30°C [2.11]. While oxidation products 
may protect the coating, because these materials form an adherent, pro- 
tective oxide surface layer, one would be evaluating the 1 i 02 or hf 02 that 
is formed on the surface. 

Nevertheless, these coatings were selected for evaluation because they per- 
form well on cutting tools, but it should be noted that they are being used 
on very rigid, hard substrates (e.g. high speed steel and currented carbide 
tools) . Since in our foil bearing application the substrate is soft and 
flexible, cracking is a potential problem. 

WC + Co rf— sputtered coating has been investigated by Eser et. al. [2.12] 
for gas bearing application. It was believed that the presence of the 
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cobalt binder reduced both friction and wear because cementing action 
reduces granular separation and promotes a dense polished layer since 
it has low, shear strength forming properties. By adjusting the 
sputtering parameters they were able to obtain a wear-resistant coat- 
ing. However, WC will not be stable at 650^ C. 

Plasma sprayed or detonation gun chrome carbide coatings have been used 
as a journal coating rubbing against solid lubricants; e.g. see Bhushan 
et. al.[2.3]. The detonation gun coating is very dense, and with care it 
can be ground to 0. 025-0. 05ym (l-2yin.) rms. It should be noted that 
chrome carbide is stable at 650®C. Another coating: plasma-sprayed Cr20^ 

was too susceptible to thermal spalling above 540®C (e.g. see [2.2]) to be 
considered a viable candidate coating. 

Sputtered Cr^C^, Cr^Si^, and MoSi^ were deposited by sputtering tech- 
niques [15]. The coatings were well adhered to the substrate and during 
sliding, Cr^Si^ films exhibited a coefficient of friction two to three 
times lower than that of 

From this review it seems that hard coatings deposited by physical vapor 
deposition have a potential, and there is a need to optimize the coating 
parameters. Sputtering and evaporation techniques are especially attrac- 
tive for foil surfaces because the coatings are too thin to adversely 
affect the foil properties. Therefore, heavy emphasis has been placed on 
the sputtered coating. The coating on a journal can be applied by almost 
all the processes. ^^2^3 selected for sputtered coating development 
because Kaman DES (essentially ^ proprietary process) per 

formed well in a previous program (see Bhushan et. al. [1.2]). Limited 
work was done on sputtered Cr^C^- 

A parallel emphasis is placed on solid lubricants which are evaluated in 
this program. The lubricants are PbO coating system and CaF^ coating 
system. The details on each coating system selected follows. 
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Chrome Oxide Coating Systems 


(i) Kaman ^^ 0^3 

In the previous program [1.2], Kaman DES coatings performed satisfactorily 
for 2000 start/stop cycles up to 650°C (1200°F). Kaman Sciences Corpora- 
tion was consulted to explore other variations. They felt that the optimum 
thickness of Kaman DES coating is 1.3 to 13 ym (0.05-0.5 mil). In the pre- 
vious program, the coating thickness on the foil was 1.3 to 3 ym (0.05-0.1 
mil) and on the journal it was 8 to 13 ym (0.3-0. 5 mil). The thickness of 
the coatings on the flexible member was kept low to avoid flaking of the 
coating and to minimize loose wear debris. 

Kaman also produces the SCA 1002 coating which can be applied 13 to 51 ym 
(0.5-2 mils) thick. SCA 1002 is a cermet consisting primarily of 
small amounts of ^^^ 2 * ^^2^3* ^ very small amount of metallic binder 

ZiO^^ According to the vendor, SCA has better bond strength and better 
wear resistance than DES. SCA bonds better on DES than on a metal substrate. 
SCA is too thick for the foil, but should be acceptable for the journal. 

One recommendation for the foil was to apply a thin coating of DES, about 
3 ym (0.1 mil), and then coat with diluted solution of SCA to a total thick- 
ness of 13 ym (0.5 mil) and this would cover about 80% of the area by SCA. 

If this coating on the foil is well bonded, loose wear debris formation 
may be acceptable in spite of a thicker coating. 

The following coatings were recommended and are listed with their thick- 
nesses: 

FOIL JOURNAL 

Kaman DES 1.3-3 ym* Kaman DES 8-13 ym* 

Kaman DES + Diluted Kaman SCA 1002 38-50 ym 

SCA 1002 13 ym 

(ii) Sputtered Cr pO^ 

A multi-layer coating concept was used in developing sputtered Cr20^ coating 
systems. 

*Was tested in a previous program. Selected here as a baseline and for 
endurance tests. 
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The following reasons may be given for lack of adherence in previous sput- 
tered Cr 202 coatings. 

1. It may be difficult to obtain good coating adherence with 
the Inconel substrate due to its high hardness. 

2. Due to its resilient construction, the foil has some high 
spots and during run-in period, contact occurs at the high 
spots and due to high contact stress, the coating comes off. 

3. Since most of the coatings evaluated were ceramics and car- 
bides, they came off due to lack of ductility. In brittle 
materials, it is easier to form a crack because coating can- 
not follow substrate deformation due to elasticity mismatch; 

and once a crack begins, it itakes almost no energy to propagate. 
In ductile materials, crack initiation and its propagation is 
more difficult. 

4. Ceramics and carbides have low coefficients of thermal expan- 
sion compared to Inconel and, as a result, internal stresses are 
developed in the coatings at high temperature. 

Since the substrate hardness may be responsible for poor coating adherence, 
the foils were coated in the annealed condition , then heat treated and coat- 
ing adherence measurements were made to determine if there was any improve- 
ment. This technique can be used for coatings which can withstand 704®C 
(1300°F) exposure without any adverse effect. 

Inconel was coated with an Interlayer (a bond coat) of soft metal prior to 
deposition of chrome oxide. Metals are easy to coat and provide good inter- 
facial bond and because of softer metal substrate, subsequent deposition 
of chrome oxide should also have good bond. 

The ductility and the thermal expansion of the coating was improved by mix- 
ing 25% of Nlchrome (80% Ni and 20% Cr) a metallic binder in the coating 
material. Nlchrome has been used successfully as a component of other 
plasma sprayed coatings. Although Nlchrome alone has poor gall resistance, 
experience shows that this mixed with hard materials works satisfactorily. 
Since cobalt is a good sliding material and it is used in cementing carbides, 
e.g. , WC, it may be selected as a metallic binder later on. 
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In some cases an overlay of sacrificial coating of a softer lubricant which 
is stable at elevated temperatures (silver or gold or M 0 S 2 ) was applied 
over the hard coating to minimize wear of the hard coat during run-in. It 
was expected that soft lubricant would transfer to journal and lubricate. 
This coating, other than protecting the hard coating during run-in, would 
hopefully prolong coating life. 

Coatings wear and it is the rate of wear which needs to be controlled. 
Inspite of an overlay to help during run-in, if there is excessive stress 
at some spot, the hard coating may come off. In that instance, the sub- 
strate should oxidize and replenish the coating by oxidation of chromium 
in the substrate to form chromium oxide (this process is defined here as 
reactive replenishment). Continuous oxidation of chromium in the sub- 
strate may deplete chromium in the subsurface layer. In order to prevent 
deficiency of the chromium in the Inconel surface resulting from reactive 
replenishment, a diffusion barrier can be applied to the Inconel surface 
prior to deposition of chrome oxide. The interlayer should also act as 
an oxidation barrier under final coatings of ceramics in case of substrates 
with poor oxidation resistance. Nickel base alloys usually do not require 
any interlayer because of adequate internal oxidation protection. The 
material of interlayer can be selected so that it acts as a supply of 
chromium, has low hardness, is easy to sputter, and resists oxidation at 
high temperatures. One such material recommended was Nichrome (80% Ni and 
20% Cr). It is known to be a good bond coat material; it is soft, and 
easy to sputter and has adequate Cr. 

The multi-layered coating concept is sketched in Figure II. 1. 

A parametric study was conducted to achieve optimum film properties. Some 
of the important parameters which influence the properties of a sputtered 
coating were varied in our sputtering optimization study and these are: 

• Power level 

• Gas pressure 

• Substrate bias 
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Fig. II. 1 Proposed Approach to Improve Bond and Ductility of 
Hard and Wear-Resistant Sputtered Coatings 


793300 


• Target precleaning/sputter etching of substrate 

• The thickness of the film deposited 

The substrate in our system is water cooled and the substrate temperature 
can be changed somewhat by placing the substrate on a ceramic plate. 

Prior experience at NASA Lewis shows that the optimum thickness of the 
o 

coating is 5000 A. The thickness of coating on HSS cutting tools is 

o 

usually quite a bit higher, lOK-lOOK A. In resilient bearings, there 
would be some initial out-of-flatness and the contact could be over a 
very small area resulting in high stresses. In these situations, thin 
coatings may not be forgiving as much as thicker coatings. Therefore, 
coating thickness is an important parameter and coatings developed were 
as thick as possible without loosing adherence. 

Brainard [2.15] showed that adherence of refractory silicides, borides, 
and carbide coating on 440C substrate was promoted by the formation of an 
oxidized layer at the interface. Deliberate preoxidizing of the 440C pro- 
duced enhanced adherence. This concept was tried in the program. 


CroCo was also recommended for limited study. Coatings and processing 


parameters for journal and foil to be 
Coating on Journal and Foil 

Ni-Cr Bonded Nichrome underlay 

and silver (or gold) overlay 

NiCr bonded Cr^C^ Nichrome underlay 
and silver (or gold) overlay 


tested in the program were: 
Parameters 

Power level/gas pr/bias/target 
cleaning/ substrate etching/pre- 
oxidation 

Power level/gas pr/bias/target 
cleaning/substrate etching/pre- 
oxidation 

Power level/gas pr/bias/target 
cleaning/substrate etching/pre- 
oxidation 


(ill) Preoxidation 

Preoxidation of Inconel X-750 (heating in air) produces a thin film of 
^^2^3 spinel compounds (NiFe20^) on its surface. The thickness and 
composition of the oxide layer depends on the temperature, time and the 
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atmosphere. At the annealing temperature of Inconel (1065®C), a powdery 
form of oxide is formed and at heat treatment temperature (704°C), other 
oxides along with Cr202 are formed. A tenacious layer of Cr20^ is formed 
on Inconel X-750 by heating to 870''C (1600®F) for four hours. Preoxida- 
tion of A286 (journal material) at 650®C (1200® F) also produces Cr20^ and 
other beneficial oxides. Tests of preoxidized foil against a preoxidized 
journal were conducted as a baseline. Durability was expected to be poor 
at room temperature, but fair, (possibly) at 650®C. Any coating system has 
to be better than the simply preoxidized specimen to be worthy of further 
consideration. 

Solid Lubricants 

(i) CdO-Graphite Coating System 

A coating consisting of cadmium oxide-graphite mixture (1 to 3 by weights 
of CdO and graphite) has performed well up to 370®C (700®F). Graphite is 
stable in air up to 430^0 (800^F) . Therefore, some tests were planned 
at 430^C (800^F) to establish its temperature limit. Silver and gold 
have proven to be good lubricants at lower temperatures, for example, 
silver has been used in NASA PS 101 coating to Improve its lubricity in 
RT-500 F range [2.16] and gold has been used in MLF-5 coatings to improve 
wear [2.17]. Silver was found to be a good lubricant at high temperature 
(316 to 982^C) by Peterson et. al. [2.18]. Therefore, it is believed that 
Ag should lubricate well in the entire temperature range. Ag was added 
to the cadmium oxide-graphite coating to possibly improve the lubricity 
(friction and wear performance) of the coating in the entire temperature 
regime and increase its temperature limit. 

The bond strength is higher if the coating is thinner. If the coating is 
sprayed thick, the water at the bottom of the coating does not dry up as 
rapidly as at the top resulting in poor adherence. But, the coating should 
be thick for increased life. Therefore, a trade-off has to be made of 
the thickness to get optimum bond strength and wear life. New techniques 
can be used to improve the bond strength. One proposed approach is to 
apply the coating in thin layers (2.5-4 ym) and cure each time until the 
coating builds up to 12 to 18 ym. Since at each time a thin coating is 
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applied, the adhesion may be improved. One important parameter determin- 
ing the improved adhesion would be whether or not the coating adheres 
better on the coating itself than on the substrate. 

The literature indicates that the preoxidation of stainless steel [2.15 
and 2.19] improves the coating bond; but our experience with Inconel sub- 
strate shows that the oxide layer weakens the coating bond. 

It is very difficult to pretreat the foil without causing distortion. 
Therefore, it is preferred that the coating be applied on the journal and 
foil be left bare. Even coated foil against coated journal combination 
may have improved life. The CdO-graphite coatings were therefore applied 
on a relatively porous Metco chrome carbide coated journal. 

The recommended changes were: CdO-graphite with additions of silver 

coating; application in thin layers; coating journal with solid lubri- 
cant. 

(ii) Fluorides Coating System 

Coatings consisting of other constituents have been developed 

by H. Sliney at NASA Lewis [2.20], andhave been used in aircraft air 
frame bearings of the oscillating type. PSIOI coating included 25% cal- 
cium fluoride, 30% silver, 30% nichrome, and 15% sodium-free glass. CaF^ is 
chemically and thermally stable and has thermal expansion close to that of 
metals and provides lubrication at elevated temperatures. Glass was added 
for oxidation protection at high temperatures. Ag was added to improve lub- 
rication properties below 260°C. Nichrome metal enhanced strength and 
improved ductility. This coating (PSlOl) was found to wear excessively 
in foil bearings [1.2] and was modified. 

A variation of this coating, PS 120 consisting of 60% Tribaloy 400, 

20% silver, and 20% CaF^ was tested satisfactorily at 540°C in a pre- 
vious program [1.2]. More work at NASA was conducted to improve coat- 
ing hardness and reduce porosity. The new combinations which were 
recommended were: CaF^ with more Tribaloy 400 and CaF^-ZrO^ coating. 
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ZrO^ has been used in high temperature applications and has a good 
hardness. One recommendation was also to fill the coating pores with 
CdO— graphite coating. Although this filling will eventually oxidize 
at 540 C, it may provide some lubrication and prevent damage during 
the run-in period which is crucial to the ultimate coating survival. 

The CaF 2 “BaF 2 eutectic coating with binder have performed well in the 
temperature range 260-815^0 [2.21], Silver can be added to improve the 
room temperature properties [2.22], Further studies were conducted for 
this program by NASA to evaluate if development of CaF 2 “BaF 2 with silver 
addition would be useful. 


The following fluoride coating tests were recommended: 


NASA PS 120 (60% Tribaloy 400, 

20% CaF 2 , 20% Ag) on journal 

NASA PS 122 (80% Tribaloy 400, 

10 % ^^^ 2 * journal 

CaF 2 “Zr 02 coating on journal 

OSF — 6 (CaF 2 *'BaF 2 eutectic, calcium- 
silicate and Ag; on foil and 
journal 


Processing variations in plasma 
spraying 

Processing variations in plasma 
spraying 

Processing variations in plasma 
spraying 

Composition and processing var- 
iations 


(iii) Pb 0 -Si 0 2 Coating System 

Pb 0 -Si 02 (95% by weight PbO and 5% by weight Si 02 > has worked 

satisfactorily in the temperature envelope of ZeO^C-GTe^'C (500°-1250®F) 
on 440 C substrate. About 5% by weight SIO 2 was used to stabilize PbO 
against transformation to Pb^O^ which is not a good lubricant. When the 
Pb 0 -Si 02 was applied on a substrate which does not form Fe^O^ during 
firing of the coating, the coating adherence was poor. It was observed 
that the iron oxide Increases the fluidity of PbO which becomes homoge- 
neous more readily than a highly viscous one, and this is reflected in 
improved uniformity after solidification resulting in better bond. Also 
the presence of iron-oxide rich transition layer at the ceramic-metal 
interface is helpful in improved bond [2.23]. Ten percent by weight 
FG 3 O 4 was added to the coating mixture when the coating was applied to 
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the substrate not forming during firing, for example, 304 stainless 

and Inconel X. 

The coating melts from the frictional heat at the points of sliding 
contact and ambient temperature and forms a low shear strength film. 

This melting may be very localized and of very short duration with 
the surface film in the molten condition only at the contacting asperi- 
ties during the time that they are in sliding contact. Some tests by 
Sliney [2.21] have shown that at higher speeds, Pb0-Si02 works well even 
at low temperatures because interface temperature may be high due to 
frictional heat alone. In our application, the surface speed at lift- 
off is about 7.62 m.s ^ (1500 fpm) and at this speed, the Pb0-Si02 may 
work fairly well at low temperature. 

The coating for application on Inconel X-750 was applied with and with- 
out Fe^O^. The addition of silver in the mixture was planned to further 
improve its low temperature properties. Past experience indicates that 
a large amount of silver becomes lumpy during milling and coating solid- 
ification. A coating with PbO-SiO^ mixture and 10% to 20% silver by 
weight was tried. The PbO-SiO^ coating was fired at 900°C (1650°F) for 
6-7 minutes. The mixture with silver was fired at a temperature slightly 
below the melting point of silver (960°C) so that silver does not flow and 
make lumps. Since the melting point of PbO-SiO^ is 760°C (lAOO^F) , the 
mixture can be fired at temperature slightly higher than 760^C (1400°F) 
and the firing time depends on the substrate weight. A thin substrate 
like Inconel foil may only take a minute to heat up and melt the mixture. 

Effect of surface preparation and pretreatments on the coating bond was 
also planned to be examined. In their work with Pb0-Si02> Murray and 
Peterson [2.19] found that the preoxidizing of the substrate had influ- 
ence on the coating bond. This was further explored in this program. 

Other Potential Candidates Using ARE Process 

Professor R. F. Bunshah acted as a consultant on the program. He was 
contacted to make some recommendations based on his experience of hard 
coatings applied on metal cutting tools to Improve their life. He 
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recommended superhard materials like TiC, TiN, and HfN. All of these coat- 
ings have a cubic structure. These hard coatings and similar other 
hard coatings have been deposited by the Activated Reactive Evaporation 
Process and by the Sputtering Process for several years now. Some of 
these coatings are being used in Japan (for improving the scratch resis- 
tance of watch cases, for cutting tools, experimentally for bearing ap- 
plications in the Mechanical Engineering Laboratory by Dr. Enamoto) . He 
has found in his own tests that the cutting forces decrease by about 1/2 
which shows that the coefficient of friction must also markedly decrease. 
According to him, one of the great advantages of the ARE-type process 
for deposition of these coatings is the ability to vary the microstructure 
as well as the composition (carbon to metal ratio or nitrogen to metal 
ratio) of these coatings. This enables one to tailor the structure and 
properties of the coating to a particular application since change in 
these properties should also change the fracture toughness of the material. 
He felt that these would be excellent coatings for the foil of our foil 
bearings. Moreover, the severity of the loading is much less for the 
foils than for the tool applications. Since these coatings have performed 
successfully on high speed steel tools, he saw no reason why they would not 
perform equally well or better in bearings. Another benefit of the ARE 
process is the ability to lay down mixed carbides, or mixtures of carbides 
or nitrides, carbonitrides, oxycarbides, etc. This demonstrates the ver- 
satility of the process. 

The coatings TiC (ARE), TiN (ARE), and HfN (ARE) are all susceptible to 
oxidation above 540^C [2.10]. In fact, TiC is reported to oxidize at a 
significant rate above 430^C [2.11]. TIN is very poor at temperatures at 
or higher than 540®C and is not selected. The oxidation products form 
an adherent protective oxide surface layer which may provide a lubri- 
cating function. 

Summary 

A summary of selected coating compositions and process variables for 
static oven screening tests is given in Table II. 1. Relevant proper- 
ties of the sheeted coatings are shown in Table II. 2. The data are 
based on [2.9, 2.11, and 2.24] and bulletins available from Metco, Inc. 


- 25 - 



TABLE II. 1 


SELECTION OF COATING SYSTEMS AND PROCESS VARIABLES 


I 

ro 


Coating Combination Deve 1 opment Source 

Chron ic Oxide Coating S ystems 

(i) (Cr20.j proprietary process) Kanun Sciences Co, 

*(ij) Sputtered (and UTI 

limited work on Cr^C 2 ) 

(iii) Preoxldntlon MTI 

Solid Lubricant Systems 

(i) CdO and graphite irri- 

(il) CaF 2 nnd BaF 2 NASA 

coating system 

(ill) Pb0-Si02 in'! 

Other Potential Candidates 

(i) Commercial hard coatings UCLA 

by ARE and sputtering Quad Group 

processes 


Composit ion and Process Variables 

a. Try Kaman DES + diluted SCA overlay on foil. 

b. Try Kaman SCA 1002 on journal. 

a. Hake following changes: Interlayer of Nichrome to Improve bond and 

provide oxidation resistance, 25% Nichrome binder to improve duct- 
ility of the coating, better match thermal expansion and overlays 
of Ag and Au to provide run-in lubricant. 

b. Optimize following parameters: Power level /gas pressure/substrate 

bins/target precleaning/substrate etching/preoxldation. 

a. Evaluate preoxldlzed Inconel against preoxldlzed A2R6. 

a. Add silver to study effect on lubricity. Improved oxidation resis- 
tance and maximum temperature capabilities. 

b. Spray CdO-graphlte on a porous hard journal and test against bare 
foil. 

3. Vary composition and processing parameters to Improve hardness and 
porosity of the NASA PS 120 coating. 

b. Develop CaF 2 - BaF 2 eutectic + Ag coating on foil. 

a. Develop Pb0-Sl02 + Ag coating 

Test TIC, and llfN coatings applied by ARE and sputtering processes. 



TABLE I I. 2 


RELEVANT PROPERTIES OF COATING COMPOSITIONS 


Compound 

Crystalline 

Structure 

Density 

gr.i/cc 

Melting 
Point ®C 

Inco X-750 
(sheet) 

FCC 

8.30 

1390-1426 

A-286 (bar) 

FCC 

7.92 

1371 

Nickel (Nl) 

FCC 

8.91 

1455 

Chromium (cr) 

BCC/FCC 

7.20 

1843 

Iron (Fe) 

bCC/FCC 

7.86 

1539 

Cobalt (Co) 

HCP 

8.86 

1495 

Nlchrome Povjde 
(SOX Nl & 202 

r 

Cr) 

7.11 

1400 

Silver 

FCC 

10.49 

960 

Cold 

FCC 

19.32 

1063 

Chrome car- 
bide powder 

(Cr3S) 

Ortho- 

rhombic 

5.59 

1890 

25% Ni-Cr, 
75% Cr^C^ 




Chrome oxide 
powder (Or^O^) 

HCP 

5.20 

2435 

Titan lum 
carbide (TIC) 

FCC 

4.93 

3037 

Aluminum 
ovide (A?20^) 

(t form 
HCP 

3.98 

3720 

Titanium 
Nitride (TIN) 

FCC 

5.43 

2950 

Hal nium 
Nitride (HfN) 

FCC 

13.92 

3300 

Cadmium oxide 
(CdO) 

FCC 

8.14 

1 .500 


Hardness 

33-Rc 


138 Bhn 
90 R„ 


50-150 Bhn 
(plated) 


91 Ry\'2650 
Knoop5Q 


Macro- Rj, 5A 
Hlcro-knoop^y 
950 DPHjoo 700 

Macro-Re 65-72 
Micro DPII300 
1000-1200 

93 RA'2000- 
2750 Unoop5o 
3000 vrii 


1950 VPM 
1650 \TII 


Ultimate 

Tensile 

Strength 

MPa 

linear 

Coefficient Oxidation 

of Thermal (Decomposltli>n) 

Expansion Temperature 

X 10~^>/®C *C 

1233 

12.53 (93"C) 


15.14 (650®C) 

1005 

16.50 (93'*C) 


17.78 (650®C) 


241-275 
2 55 


Most Stable 
Oxidation 
Products 


Ni0-Cr20^ 


CoO 

NiO and 


No stable 
oxide at 
Higli 

temperature 

No stable 
oxide 


Fully ox- 
idized 
material 


Cal. s ^ . cm ” * .C“ 


0.029 0.046 

(540) 

0.036 0.057 

(600) 

0.195 0.13 

(327) 

0.22 0.17 

(637) 

0.17 0.125 

(327) 


(a) Artii--.l values of roatli.gs verv de|..-mlei.t on n.el!,n,l of |.rcn.,r,.l l.m |.„rn 















Based on the results from oven tests, the coatings were then selected 
for start/stop tests. 

SELECTION OF COATING COMBINATIONS 

Referring to Table II. 1, several potential coatings have been selected 
for journal and foil members. In soft-hard combinations, the hard coat- 
ing was put on the journal to minimize the possibility of any damage 
since the cost of repairing and balancing a journal may be very high. 

It is also noted that low shear strength solid lubricant films are 
usually more effective on a hard substrate. An additional considera- 
tion when the foil and the journal are coated with two different ma- 
terials (e.g., putting coating A on the foil and coating B on the 
journal) is that reversing these coatings may have a significant effect 
on the results. The underlying cause of this difference is thermal in 
nature. When the journal is rubbing in contact with the foil, the con- 
tact area on the foil is fixed and all of the frictional heat is concen- 
trated in one area, while the contact on the journal is continuously 
changing with the shaft rotation; and the temperature rise is much more 
gradual. Also, if the coating on the journal is worn, the worn part 
does not come in contact all of the time; but if it is on the foil, 
it does . 

Thus, material transfer and frictional behavior are markedly different 
with certain combinations of materials, depending on their relative po- 
sitions on the foil or on the journal. This effect would be particularly 
important in the case where a soft metal film, such as silver or gold, was 
being used to protect one of the surfaces or in t!ie case of the solid 
lubricant films like CdO-graphite. 

Table II. 3 shows the preliminary selection of coating combinations rec- 
ommended for the static oven test and the partial arc bearing start/stop 
tests with criteria for selection. Table II. 4 shows the selected combin- 
ations in a matrix form. 
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TABLE II. 3 


SELECTED COATING COMBINATIONS FOR START-STOP TESTS 



(Subjected 

to Successful Completion of Static 

Screening Tests) 


Foil Coating or Treatment 

Journal Coating or Treatment 

Test Temperature 
”C ("F) 

Comments 

1. 

Graphite-cadmium oxide with 
and without Ag (A.S.) 

Cr^C2(D.G.) 

430(800) 

Expand data bank for bonded graphite 

2. 

Graphite-cadmium oxide (A.S.) 

Graphite-cadmium oxide (A.S.) 

430(300) 

Effectiveness of solid lube against Itself 

3. 

Graphite-cadmium oxide (A.S.) 

Graphite-cadmium oxide (A.S.) 
on Metco chrome carbide 

430(800) 

Effectiveness of solid lube against Itself 


Preoxidized foil 

Preoxidized A286 

650(1200) 

Baseline data 

5. 

Preoxidized foil 

Heat treated PS 120 (P.S.) 

540(1000) 

Check data reproducibility 

6. 

Preoxidized foil 

Graphlte-CdO filled, heat 
treated PS120 (P.S.) 

540(1000) 

Employ graphite to fill surface porosity 

7, 

Preoxldlzed foil 

Heat treated PS122 (80 
Tribaloy 400-10 Ag-10 CaF 2 ) 
(P.S.) 

540(1000) 

Composition modification to reduce silver transfer 

8. 

Preoxidized foil 

CaF2-Zr02 (P.S.) 

650(1200) 

Upgrade PS coating to 650 C° 

9. 

Kaman DF.S (C.A.) 

Kaman DES (C.A.) 

650(1200) 

Endurance test 

10. 

Kamnn DES SCA (C.A.) 

Kaman DES (C.A.) 

650(1200) 

Improve DES coating 

11. 

Kaman DES or DES, SCA (C.A.) 

Kaman SCA (C.A.) 

650(1200) 

Per Kaman recommendation 

12. 

Chrome oxide and nlchrome 
bonded Cr 20 ^ (sp.) 

Cr^C2 (D.G.) 

650(1200) 

To compare with no, 9 and investigate ductile 
matrix concept 

13. 

Nlchrome bonded Cr 203 
witii Nl-Cr interlayer 
and Ag overlay (sp.) 

Cr3C2 (D.G.) 

650(1200) 

Investigate effect of multilayers 

U. 

Nlchrome bonded (sp.) 

Cr^C2 (D.G.) 

650(1200) 

Investigate ductile matrix concept. 

15. 

Cr 20 ^ or Cr.jC 2 (sp. ) 

Cr 20 ^ or Cr^C 2 (sp.) 

650(1200) 

To compare with no. 12 to no. 14 

16. 

TiC (ARE) 

Cr^C2 (D.G.) . 

540(1000) 

Effectiveness of ARE process 

17. 

UfN (ARE) 

Cr^C2 (D.G.) 

540(1000) 

Effectiveness of ARE process 

13. 

Preoxidized foil 

OSF-6 (F.C.) 

650(1200) 

Effectiveness of Ag in FS-Ag 

19. 

OSF-6 (F.C.) 

Preoxidized A286 

6'50(1200) 

Ef fc'ctlveness of Ag in FS-Ag 

20. 

Pb0-S102-Ag (F.C.) 

Preoxidized A286 

650(1200) 

Effectiveness of Ag in Pb0-S102 

21. 

Preoxidized foil 

Pb0-Si02>Ag (F.C.) 

650(1200) 

Effectiveness of Ag in Pb0-Si02 

A.S. 

F.C. 

. - Air pprayed; P.S. - plasma 
. - fused coating; C.A. - rhemi 

sprayed; D.G. - detonation gnn ; 
c'ally adherent. 

Sp. - sputtered, ARE 

- activ.ited reactive evaporation; 



TABLE II. 4 


SELECTED COATING COMBINATIONS IN MATRIX FORM FOR START-STOP TESTS 
(Subject to Successful Completion of Static Screening Tests) 



1 

CM 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 


Follj 

CrjCj 

(D. G.J 
preox. 

Graphite - 
CdO (A. S.) 

Metco 

Cr^C^tP.S.) 

Graphlte-CdO 

filled 

Preox. ^ 
journal 

NASA 
PS 120 
(P.S.)^ 
preox. 

NASA 

PS 120j[P,S.) 
preox., 
graphlte- 
CdO filled 

NASA 
PS 122 
(P.S.)* 
preox. 

NASA 

CaF^-ZrO^ 

(P.S.)* 

preox. 


Kaman 

SCA 

1002 

(C.A.) 

Nlchrome 
Bonded 
Cr 203 or 
Cr2C2 

OSF-6 

(F.C.) 

PbO- 

SIO 2 - 

Ag 

(F.C.) 

1 

CdO-graphlte (A. S.) std., 
addition of Ag and pro- 
cess change 


© 

(A30«>C) 

© 

(430®C) 






■II 



■ 


B. 

Preox. foil** 




© 

..(650'C) 

© 

<’540®r') 

■M 

(540*0 

—© 

(650*0 




91 

@ 

(650*0 

C. 

Katnan DES (C, A.) 










(650*0 




D. 

Kaman DES, SCA (C. A.) 













1 

^*^2^3 nlchrome 

bonded Cr202 (Sp.) 
two thicknesses 














1 

Nlchrome bonded Cr^O^ with 

nlchrome Interlayer and 
silver overlay (Sp.) 

(650*0 










© 

(650*0 



G. 

Nlchrome bonded Cr^C 2 (Sp.) 

9 













TIC (ARE) 

WM 













D 

HfN (ARE) 














D 

OSF-6 (F.C.) 




(650’C) 










K. 

PbO-blO^-Ag (F.C.) 




(20) 

(650*0 











*650®C/4 hours 


**870*C/4 hours 


a - cancelled due to poor processing 

6 - cancelled due to poor thermal oxidation resistance 



















































III. COATING PREPARATION AND PROCUREMENT 


CHEMICALLY ADHERENT CHROME OXIDE COATING 

Journal and foil samples were coated by Kaman Sciences Corporation, Colo- 
rado Springs. The journals were to be coated with Kaman DES (8 to 13 pm 

thick) and Kaman SCA 1002 (38 to 50 pm thick) coatings. The foils were 

to be coated with Kaman DES (1.3 to 3 pm thick) coatings. Based on sur- 
face examination, the coated DES foils were acceptable. DES and SCA 

coated foils had a coating about 0.025 mm thick, which cracked during 
rolling for bearing formation. Therefore, test consisting of this coat- 
ing, numbered 10 in Table II. 4, was cancelled. The coated journals were 
very rough (1.22 pm CLA) and were returned for reprocessing. 

Kaman Sciences had a problem in getting a surface finish of about 0.25pm 
(lOpin.) which they provided in a previous program. They made several 
runs in order to achieve the desired hardness and surface finish. Since 
the coating was stripped off after each bad run, the journal became out 
of round during successive runs. These journals were checked at MTI 
using the Gould machine, and journals were found to be out of round 12 to 
35pm. These were then ground at MTI to get them within 5pm. During 
grinding, either the coating was stripped off entirely at places or it 
became very thin. None of the DES journals were acceptable for tests and 
only one SCA journal had adequate coating with a surface roughness of 
0. 81pm(23p in. ) . Although this surface roughness was believed to be high, 
this is the best which could be obtained. Since there was no good DES 
journal available, the test No. 9 in Table II. 4 had to be dropped. 

CHROME CARBIDE COATING 

Detonation gun chrome carbide coating was applied on the journal by Linde 
Division of Union Carbide. The coating is LC-IC which consists of 25% 
Nichrome (20% Ni, 5% Cr) and 75% Cr^C 2 . The coating was sprayed about 
175-200pm (7 to 8 mils) thick and was ground to a thickness of 62-88pm 
(2.5 to 3.5 mils) with a surface roughness of 0.038-0. 051pm (1.5 to 
2pin. CLA). 
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A porous, plasma sprayed Cr^C^ coating was also applied on a journal for 
subsequent spraying of CdO-graphite. The coating was sprayed using Metco 
81-NS powder consisting of 75% Cr^C^ (-140 + 10 microns) and 25% Nichrome 
(-106 + 10 microns) . 

CALCIUM FLUORIDE BASED COATING 
Plasma Sprayed Coatings 

Three compositions of CaF 2 based coatings were plasma sprayed on the test 
journals at NASA-Lewis. The coatings were the following: PS120 consist- 

ing of 60% Tribaloy 400, 20% silver, and 20% CaF 2 ; PS122 consisting of 
80% Tribaloy 400, 10% silver, and 10% ^^^ 2 * coatings were generally 

rough in the range of 0,84-1.53ym (33-60yin.) CLA. One of the PS120 
journals were coated with CdO-graphite coating about 3-5ym to fill the 
pores. 

Fused Coating 

CaF 2 -BaF 2 eutectic based coatings designated OSF-6 were applied on the 
journal and the foils at NASA-Lewis, The coating composition was 58,5% 
fluoride eutectic (31% CaF 2 and 69% BaF 2 ), 35% silver, and 6,5% Ca0-Si02* 
The OSF-6 powders were mixed in a 4:1 mixture of lacquer and thinner and 
sprayed with a paint sprayer on a precleaned substrate. 

After baking in a vacuum oven overnight at 225^C to remove volatiles, the 
coatings were fused in an argon furnace at 995°C for 20 minutes. After 
20 minutes cooling in argon, the coating was hand sanded with wet 600 grit 
paper to a final thickness of 10 + 2.5iim (0.6 + 0.1 mil). 

In case of coating of foils, they deformed during fusing of coating and 
were flattened by reverse bending on a 38 mm diameter cylinder. The 
coated journal, as received from NASA, was rough. It was ground to 
clean off the coating, the coating was penetrated by taking off 
only 7.5vim. Also it was found that the journal was out of round; about 
15iim, Since the journal was out of round, it could not be used and the 
test No. 18 in Table 11.4 was dropped. 
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TITANIUM CARBIDE AND HAFNIUM NITRIDE COATINGS 


ARE Processed Coating 

Professor R. F. Bunshah at UCLA coated foils with two variations of TiC 
and two variables of HfN. The variations were in the microstructure and 
stoichiometry resulting in a change in hardness. First of all, two foils 
were coated with TiC coating about lO^m (0.4 mil) thick. The foils be- 
came curled due to the residual stresses between the coating and the sub- 
strate. The curling could not be removed by rolling; in fact, the coating 
cracked during rolling. 

In the next batch, a thinner (2ym thick) and a softer coating was applied. 
The foils still became curled, but not as much as in the previous batch, 

A piece of the coated foil was vacuum annealed at 1000° C to remove the 
curl without success. At this stage, it was decided to test the foils 
as they were. If the coating had the potential, one could go back and 
do further optimization to avoid curling. 

The foils were also coated with hafnium nitride coating about 2pm thick. 
The residual stresses in this case were much smaller than TiC coating. 

The processing parameters are given below. 

The substrate temperature in each case was 500°C- In the case of TiC, 
the substrates were coated by evaporation of titanium from a rod-fed 
electron beam heated evaporation source in the presence of partial pres- 
sure of of 4 X 10“^ Torr. The details for HfN are: 

Evaporation Rate, g/min Gas Pressure, Torr Expected Stoichiometry 

0.49 3.8 X lO"^ HfN^ „ 

0.49 2.6 X lO" HfN» „„ 

U.oU 

Sputtered TiC CoatinR 

The foils were sputter coated with TiC by R. P. Riegert of Quad Group 
located at Santa Barbara, California. This was primarily used to com- 
pare results with ARE coated TiC. Prior to coating, the foils were 
cleaned ultrasonically in toluene, acetone, and 2-propanol of reagent 
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grade and blown dry with nitrogen. The parts were coated immediately 
after cleaning. The process used was their standard Romelus hard coat 
process and the thickness of the coating was 1200 + lOOA (5 + O.Spin.). 

The coating adherence in tension was reported to be in excess of 35 
MPa (5000 psi). 

CdO-GRAPHITE BASED COATING 
CdO— Graphite Coating on Journal 

A journal with Metco Cr^C 2 undercoating and an uncoated journal were 
sprayed with CdO-graphite (HL-800) coating. The journal was held in a 
lathe and was rotated during spraying. The nozzle of the air brush was 
held perpendicular to the journal axis and it was moved at a speed of 12 
to 25nm.s (0.5 to 1 in. per sec.) from one end to another. Two passes had 
to be made to get 12-15pm (0.5 to 0.6 mil) thick coating. If the journal 
was rotated slowly at a speed of 60 rpm, the coating had a spiral-type 
appearance because the "feed" was too fast. If the journal was rotated 
too fast, there was danger of coating being thrown off. A speed was 
selected which was fast enough to avoid the spiral effect. The optimum 
speed was about 120 rpm. Following baking, the sprayed coating was burn- 
ished to a thickness of 7 to 10pm (0.3 to 0.4 mil). 

CdO-Graphite-Ag Coating (HL-800-2) 

High purity (99.99% pure)-230 mesh (0.062 mm sieve opening) Ag was obtained 
from the Materials Research Corporation. Cdo was 99.9% pure (commercially 
pure) material with 95% of the particle sizes finer than 200 (95-200). 

The graphite was a 99.9% pure electric furnace synthetic graphite (KS-2) 
having an average particle size of about 2ym, and it was made by Joseph 
Dixon Crucible Company, New Jersey. Sodium silicate (water glass), made 
by Philadelphia Quartz was 99% pure. Wetting agent used was Absol 895 
with a cloud point of 65°C. A composition consisting of 10% Ag by weight 
was prepared using essentially the procedure as described in the previous 
report [1.2]. A coating consisting of 15% by weight CdO, 45% by weight 
graphite, 10% by weight Ag, and 30% by weight sodium silicate (8.9% 

Na20, 28.7% SIO 2 and balance water) excluding water content, was sprayed 
on the foil. It was suspected that if Ag was ball milled too long, it 
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may become lumpy because it is soft. To optimize the technique of mix- 
ing, in one case CdO-Graphite mixed in distilled water were ball milled 
for two hours; then Ag was added and milled for thirty minutes and the 
standard technique was used for spraying. In the second case, CdO- 
graphite was ball milled for two hours, Ag was added, and the mixture 
was agitated in a magnetic stirrer for thirty minutes. Examinations 
showed that the Ag particle density and distribution were about the 
same in either case. The coating involving mixing with a magnetic stirrer, 
probably had a slightly better mix. Therefore, all future runs were made 
by mixing silver in a magnetic stirrer. 

During burnishing, the -230 mesh silver particles were being pulled out 
because of their relatively large particle size and the soft matrix. A 
very fine Ag powder with a particle size of 1 to 5 microns was obtained 
for further preparations. The next run was made using the fine Ag powder. 
After burnishing slightly with an Emery 600 paper, randomly-distributed, 
silver particles could be seen on the surface. A better technique of 
burnishing was to roll a dowel pin to press in the high spots and smoothen 
the surface. With this method, there was no Ag particle pull out. 

Metallurgical Examination : The coating was examined under SEM. The rep- 

resentative photographs of the coating and a photograph of CdO-graphite 
for comparison are shown in Figure III.l. The CdO and Ag particles were 
randomly distributed. Particles were milled down fine during ball mill- 
ing. There were some large silver particles with a maximum size of lOp 
(see Figure III.l) which were confirmed by electron microprobe analysis. 
Overall, the coating seemed fairly uniform and the constituents were well 
distributed. 

The coating was analyzed using X-ray diffraction techniques. The dif- 
fraction data are provided in Table III.l. The analysis proved to be 
inconclusive. Five peaks were identified although not conclusively. 

Peaks at 38.7 + 0.5°, 66. A + 0.2°, and 85 + 0.8° seem to correspond to 
'graphite and peaks at 50.1+0.2°, 57.2+0.2°, and 85.0 + 0.8° appear 
to be CdO. 
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CdO-GRAPHITE-Ag COATING 




Ag PARTICLES 


CdO-GRAPHITE-Ag COATING 


CdO-GRAPHITE COATING 


Fig. ITT. i SEM Photographs of Orapliite 
Bast'd C<iatlngs 
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TABLE III.l 


X-RAY 

DIFFRACTION DATA FOR CdO-GRAPHITE- 

-Ag-SILICATE COATING 


X-Ray Run 

for Inconel X-750 Substrate using 

Cr Target with Vd Filter 


20 (degrees) 

Intensity (arbitrary units) 

d (Angstroms) 

hkl 

39.45 

1.0 

3.39 


43.95 

5.0 

3.06 


51.20 

2.2 

2.65 


67.60 

Off Scale (>10) 

2.06 

111 

75.30 

2.4 

1.87 


79.90 

8.5 

1.78 

200 


X-Ray Run 
Sodium 

for Inconel X-750 Substrate with CdO 
Silicate (HL-800-2) , using Cr Target 

, Ag, Graphite, and 
with Vd Filter 


20 (degrees) 

Intensity (arbitrary units) 

d (Angstroms) 

hkl 

22.9 

7.5 

5.77 


25.4 

Off Scale 

5.20 


27.0 

1.0 

4.90 


37.1 

2.1 

3.59 


38.7 

Off Scale 

3.45 


42.8 

7.6 

3.13 


48.8 

1.8 

2.77 


50.1 

2.0 

2.70 

111 

53.7 

1.2 

2.53 


57.2 

4.7 

2.39 

200 

66.4 

8.2 

2.09 


74.1 

2.0 

1.90 


78.6 

6.5 

1.80 


85.0 

4.5 

1.69 

220 

90.7 

1.5 

1.60 
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Substrate Preparation and Process Variation 


The HL-800-2 coating was sprayed on foils with different surface prepa- 
rations which were: foil heat treated in air, heat treated in nitrogen 

atmosphere, and electro-etched as described by Bhushan [3.1]. The sur- 
face heat treated in air had a lot more oxide buildup than in nitrogen. 

The coating was applied in four passes with a 30-second interval between 
each pass to give some time for the coating to dry. 

All coated foils were bent 180° upon themselves with the coating on the out 
side of the bend, then unbent and photographed (see Figure III. 2). It 
was found that electro-etched foil coated in a single pass gave the best 
adherence; in all other cases, the coating cracked at the bend. 

PbO-SiO ^ BASED COATING 

Coatings consisting of PbO, Si02> Ag, and with and without Fe^O^ were pre- 
pared. PbO (lead monoxide) used was yellow in color, 99.999% pure, and 
with particle size less than -100 mesh. It should be noted that if PbO 
is exposed to air for a long time, it forms red lead (Pb^O^) which is 
abrasive. So it should be assured that PbO is yellow in color. Si02 
(silicon dioxide) was 99.99% pure, reagent grade and -325 mesh size. 

^^3^4 oxide) was 99.9% pure with an average particle size less 

than half a micron. The Ag was 99.99% pure and 1 to 5 microns in size. 

All chemicals were purchased form the Materials Research Corporation, 
Orangeburg, New York. 

Sliney and Johnson [3.2] reported that lead silicate (4 Pb0-Si02) and 
lead monoxide (PbO) are at equilibrium for compositions with less than 
6.7 wt. % of PbO. If Si02 is more than 6.7%, only lead silicates are 
formed. PbO with 5% Si02 (m.p. 760®C) was considered optimum; it pro- 

tects against oxidation of PbO as well as insuring that free PbO is avail- 
able for lubrication at temperatures above 500®C. 

A mixture of 75% PbO, 5% Si02» and 20% Ag (Si02% in Pb0-Si02: Si02 - 
6.23%) was sprayed and baked (Trial No. 1). The process involved ball 
milling the PbO and Si02 in a quantity of water for one hour then adding 
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silver and mixing in a magnetic stirrer for 30 minutes; then a drop of 
Absol 895 was added. The coating was sprayed on Inco X-750 foil pre- 
oxidized and foils heat treated in nitrogen and preoxidized A286 coupons. 

One foil was fired at 982°C (I 8 OOOF) to see if melting of silver had any 
positive effect. In this case, silver became lumpy and the coating was nonuniform. 

The sprayed coating was heated at 93 C (200^F) to remove water and then 
fired at 900°C (1650°F) for one minute after it melted. It took about 
20 seconds for the foil coating to melt and about two minutes for A286 
coupon coating to melt. 

The coating on the foil did not flow well and was very nonuniform, where- 
as, on the journal coupons it was all right. It has been observed by 
Sliney et. al. [3.2] that Pb0-Si02 coating material applied to substrates 
which did not form Fe^O^ during firing, did not flow well. The coating 
was very hard, probably due to excess 4 PbO^SiO^ which is abrasive. In 
the next preparation, the amount of SiO^, was reduced to 4.2% in PbO-SiO^. 

The composition after adding silver was 3% SiO^, 72% PbO, and 25% Ag (trial 
No. 2). When the coating was burnished, red powder (Pb^O^) came off which 
meant that there was not enough SiO^ to stabilize PbO. In this preparation, 
cellulose Nitrate lacquer (120-140 CPS, No. 2012) and lacquer thinner butyl 
acetate were used instead of water because lacquer holds Ag particle 
better. When thinner was added just before spraying to get proper fluid- 
ity, it gelled. Therefore, all other mixtures were prepared in water. 

In the next preparation, Si02 was increased so that Si02 was about 5% 
of Pb0-Si02 mix. The composition in this preparation was 4% Si02» 71% 

PbO, and 25% Ag (trial No. 5). The coating on the journal looked good. 

It was better on a preoxidized A286 coupon than on a clean A286 coupon. 
Coating again did not flow well on foil. 

In the next preparation, some Fe^O^ was added to improve coating uni- 
formity on the Inconel foil. The composition consisted of 25% Ag, 3.5% 

^^^2’ PbO, and 10% Fe^O^ (trial No. 6). The coating on the pre- 

oxldized foil looked well bonded. 
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The trial No. 5 and 6 were selected for journal and foil, respectively. 
Both substrates were preoxidized when sprayed. As sprayed coating 
thickness on the journal was 75-88)jm (3 to 3.5 mil) and it was burn- 
ished to about 25ym by grinding. As sprayed coating on the foil was 
38-50ym (1.5 to 2 mil) and it was burnished by a 600 grit emery paper 
to a thickness of 15-20pm (0.6 to 0.8 mil). The coatings looked smooth 
after burnishing. 

As it will be explained in the next section, the coating did not perform 
well in the start/stop tests, and it was felt that it was due to high 
Ag content in the coating. At this time, two runs were made with re- 
duced silver content. Coating consisting of 75.8% PbO, 4.2% Si02, 10% 

Ag, and 10% sprayed on preoxidized Inconel foil (trial No. 7) 

and a coating with 85.2% PbO, 4.8% Si02, 10% Ag was sprayed on preoxi- 
dized and clean A286 journal coupons (trial No. 8). The photographs of 
selected coupons are shown in Figure III. 3a. It shows that the coating 
as sprayed on preoxidized foil is quite smooth. Comparison of coating 
on clean and preoxidized A286 coupons show that the coating on preoxi- 
dized coupon is smoother and, hence, is selected here. 

Metallurgical Examination ; An SEM study of Pb0-Si02-fe20^-Ag coating 
on Inconel X-750 foil (trial No. 7) was conducted to examine surface 
appearance and particle distribution. The coating seemed fairly smooth 
(see Figure III. 3b) and although silver was not distinctly visible, 
electron microprobe detected that Ag was uniformly distributed (see Fig- 
ure III. 3b). Ag particles were probably coated with Pb0-Si02 during 
firing. 

X-ray diffraction analysis was carried out of trial No. 7. A General 
Electric diffractometer was used for all measurements made at room temp- 
erature. The measurements covered the range 1O°<20<9O° using a Cr target 
with a Vd filter. Four peaks were yielded. Three of these were located 
at 43.9 + 0.6°, 46.4 + 0.4°, and 49.2 + 0.4° with d-spacings of 3.06 
(hkl;110), 2.90 (hkl;002), and 2.74A (hkl;200), respectively. These 

three peaks correspond to PbO. The fourth peak was at 29.2+0.80, cor- 

o 

responding to the d-spacing of 4.54 A, characteristic of an Ag-Fe- sili- 
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Fig. III. 3a Photographs of A-286 and Inco X-750 

Coupons Coated With Pb0-Si02-Ag-Fe^C^ 
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Fig. III. 3b SEM Micrograph and X-Ray Image 
of Pb 0 -Si 02 -Fe 30 ^-Ag Coating 
on Inconel X-750 J‘"o 1 1 
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cate system. No other patterns were detected. It should be noted that 
4 PbO-SiO^ is amorphous and has no diffraction pattern. The analysis 
shows that the coating has free PbO available which is a good high tempera^ 
ture lubricant. 

SPUTTERED COATINGS 

Introduction 

The primary objective here wastodevelop Cr^O^ coating for a 0,1 mm 
thick Inconel X— 750 foil by sputtering techniques and to optimize 
sputtering parameters. Then this coating was applied on an A286 jour- 
nal surface. This section describes the test apparatus and procedure, 
optimization of parametric study, and the results of metallurgical an- 
alysis. 

Sputtering Apparatus and Procedure : 

Sputtering was done using a commercial rf-diode sputtering apparatus 
operating at 13.56 MHz (mfg. by Perkin Elmer, Ultek Inc., Palo Alto, 
California, Model 3140— 6J) powered by a 1/2 KW rf— generator . A sche- 
matic of the machine is shown in Figure III. 4a and a photograph is 
shown in Figure III. 4b. The material to be sputter deposited (normally 
called the target) is in the form of a hot pressed, disc-shaped compact, 

152 ram in diameter and 4.75 mm thick which was commercially purchased 
from Materials Research Corporation, Orangeburg, New York. The target 
is mounted on a water cooled rf electrode. The specimen to be coated 
is placed directly below the target on a table connected to a water- 
cooled J arm which can swing out from under the target for easy loading 
of the specimens. The spacing between specimens and target can be var- 
ied from 38 mm to 125 mm. The spacing can be further reduced by adding 
stock on the table, but the sputter etching option becomes inoperative due 
to the close spacing between the specimen and the shutter. Polarity can be 
reversed and the specimen can be sputter-etched. A folding shutter is 
placed^between the target and the substrate. Although the specimen 
table is water cooled, the temperature of specimen during sputtering at 
full power (500 W) may be as high as 250^0 and at half power (250 W) the 
temperature may drop by 40%. The temperature of the specimen can be 
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Figure III. 4b Photograph of Radio Frequency Sputtering Apparatus 




further increased if so desired by 30-40% by inserting a 4 mm ceramic plate 
between the specimen and the table. The temperatures cited here are the 
estimates supplied by the manufacturer. 

A fixed ten percent of total rf power going to the sputtering module can 
also be applied directly to the specimen during film deposition. If the 
specimen is round, it can be mounted on a rotating feed through and ro- 
tated at low speed by an electric motor located outside the vacuum. The 
entire system comprising the diode (target and the table) is contained 
in a 375 mm diameter stainless steel chamber with a 100 mm viewing port. 

The system is mechanically fore pumped and oil duf fusion pumped through 

—7 —8 

a liquid nitrogen cooled baffle to between 5 X 10 to 7 X 10 Torr. 

The argon is bled a couple of times and the system is pumped down again 
to low pressure. During deposition, high purity (99.999%) argon was bled 
continuously into the chamber and a predetermined dynamic pressure balance 
between the pumping system and argon leak was maintained. 

The specimens were carefully cleaned with anhydrous Isopropanol alcohol 
using lint-free cloth (225 mm X 225 mm Poly Jean knitted from polyester 
yarn and washed, mfg. by Lens Clean Inc., Clifton, New Jersey) to remove 
any dirt and grease. Isopropanol was preferred over methanol due to out- 
gassing. Disposable plastic gloves were worn during cleaning to avoid any 
finger prints. The coating surface is generally smooth if the substrate 
is polished which minimizes any preferential nucleation sites. Since the 
foils were thin, they could not be polished without distorting them and 
were coated as rolled after heat treatment in nitrogen atmosphere or as 
received in the annealed condition. 

Prior to starting deposition, the target was outgassed overnight in a 
vacuum, then pre-sputtered for a couple of hours to clean the surface 
and help rid the system of background impurities. If the target was either 
new or had not been used for a long time, it was sputtered with a shutter 
in place for about eight hours or more before coating application to ensure 
removal of any surface oxides; otherwise, the target was sputter cleaned 
at full power ('^'400 W) until the level of reflected power stabilized which 
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was about 30 minutes for a Cr^O^ target. (Color of the plasma also gives 
indication if the system is clean. Pink-purple represents water vapor 
present and blue represents sputtering of Cr^O^.) Following target clean- 
ing, the polarity was reversed and the specimen was etched with a shutter 
in place for about 30 minutes at an rf power level of 100 W and 950 volts. 
The low power was selected so that the specimen temperature would not warp 
it. After target cleaning and sputter etching, the system was pumped down 
to high vacuum to remove any contamination resulting from outgassing of 
the hot target and hot substrates. After about five minutes. Argon was 

bled and a predetermined pressure was again maintained. Then the sputter 

2 

deposition was carried out in most cases at about 400 W or 220 W/mm for 
about one hour. The voltage at the target at full power was about 1600 V 
and voltage at the specimen during bias sputtering (about 10% of total 
power) was about 100 V. The power in each case was increased slowly to 
avoid thermal shock of the target. After sputter deposition, the specimen 
was left inside the chamber to cool off for about 30 minutes before it was 
taken out. 

Optimization of Cr^ Oj Coating for Foil 

The sputtering parameters have to be optimized for each coating system in 
order to obtain a smooth and dense coating with best adherence and desir- 
able mechanical properties. In the case of a rough coating, the peaks may 
break off and debris would build up progressively during wear. Once a 
crack develops, it takes almost no energy to propagate. Therefore, smooth- 
ness of the coating is extremely important. The desired structure of the 
coating is either a uniformly columnar structure or as an equiaxed structure. 
A structure characterized by tapered crystallites with domed tops is not 
preferred because of its inferior strength and ductility due to high por- 
osity of tapered crystallites. Porosity decreases as one changes from 
tapered to equiaxed structure. 

Movchan and Demchishln [3.6] found that the grain size and structure de- 
pended on the sputtering conditions (see Figure III. 5). It was later con- 
firmed by Thornton [3.7] for thick copper coatings. 
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According to Taylor [3.8] the tensile strength and hardness of nitride, 
oxide, and carbides are low for tapered crystallites with dome tops (Zonel) 
and high for equiaxed grains (Zone III) . He also pointed out that attempts 
to deposit the Zone III type of coating at high temperatures have generally 
been unsuccessful in that the resulting coatings have high hardness but tend 
to spall due to the differential thermal expansion of the coating and sub- 
strate during cooling of the coating after deposition. 

The parameter variations during the program were: chamber pressure, target 

to specimen spacing, power level, biasing, substrate temperature, substrate 
hardness, and coating thickness. The coatings were applied on 0.1 mm thick 
Inco X-750 foils, two glass slides making a step, and a carbon planchet. A 
coating step on the glass slide was measured using a Taylor— Hobson profile— 
meter in order to determine the coating thickness. The coating on carbon 
planchets was applied for electron-microprobe analysis in order to elim- 
inate substrate interaction. The optimization of sputtering parameters 
was done on Cr^O^ coating. These parameters were then used to develop 
other Cr^O^ based coating. 

The foil samples were examined under SEM up to 10,000X for surface mor- 
phology. This consisted of vapor depositing about 200 X of gold-palla- 
dium alloy (60—40) onto the surface of each sample to enhance electron 
image contrast of the surface* 

A 180 bend test to determine the coating adhesion and cohesion was con- 
ducted on sections of the samples trimmed to rectangles approximately 
25 mm X 5 mm in size. Each strip was then bent back upon itself at the 
center of the long dimension. The coating was on the outside of the bend. 

The bend sample was then placed inside the SEM, and photographed in a 
direction normal to the outside of the bend at a magnification of 700X. 

X-ray diffraction and Auger Electron Spectroscopy (AES) analysis were 
carried out on selected samples. The samples were analyzed by X-ray dif- 
fraction over a 20 range of 10° to 90° employing chromium radiation and a 
vanadium filter. The specimens were cleaned by sputter etching prior to 
obtaining the AES data. 
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Adhesion strength of the coatings was measured using a coating adherence 
tester manufactured by Quad Group, Santa Barbara, California. The coated 
specimens were mounted with an epoxy on a stud whose other end was pulled 
I by motor and the pull stress was continuously recorded. In the case of In- 
conel foil, a glass backing plate was epoxied to the surface in order to 
prevent any deflection of the foil. The stress required to pull the coat- 
ing was thus measured. The stress capability of the unit is 68.9 MPa 
(10,000 psi). 

Flex tests on the coating were conducted using a commercially available 
bending fatigue machine. The settings were; maximum peak-to-peak amp- 
litude - 12 mm, frequency - 1200 cpm, and specimen length - 50 mm. 

Effect of Target-to-Substrate Spacing : Generally, sputtering rates are 

inversely proportional to the electrode spacing and the coating is non- 
uniform at excessive spacing because the sputtering atoms are diverted 
and some of the kinetic energy is lost by interactions with ionized 
gaseous particles and other contaminants. The coating sometimes also 
becomes contaminated resulting in poor adhesion. Four spacings were 
tried — 63.5 mm, 50.8 mm, 41.3 ram, and 38 mm. The coating wasnon-runif orm 
and very thin when the spacing was 63.5 mm (Sample No. 1, Table III. 2). 
Coating with a spacing of 50.8 mm (Sample No. 2) exhibited considerable 
crazing and flaked off during the bend test. With a 38 mm spacing, the 
sputter-etching feature could not be used because the shutter was too close 
to the specimen table and the run was stopped. The coating with 41.3 mm 
spacing (Sample No. 5) was uniform and exhibited less crazing than Sample 
No. 2. Small cracks with a width on the order of 0.15pm ran transverse to 
the bend. Little flaking of the coating was also apparent. The other 
parameters, coating thickness and adhesion, and comments are shown in Table 
III. 2 (Sample Nos. 1, 2, and 5) and SEM photographs of coated and bend sur- 
faces shown in Figure III. 6. Based on the metallurgical examination. Sam- 
ple No. 5 (i. e., spacing of 41.3 mm) was considered optimum. 

Effect of Pressure : As the pressure in a sputtering system is raised, 

the ion density and, therefore, the sputtering-current density increases. 
Therefore, for constant power input, the deposition rate increases 
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TABLE III. 2 


TEST DATA OF Cr203 SPUTTER-COATED SAMPLES 
Sputtering Time = 1 hour 


Sample 

No. 

Spacing 

mm 

Power 

Watts 

Chamber 

Pr 

Mir rons 

Bias 
Sput ter 

Water 

Cooled 

Substrate 

Foil 
Ilea t 
Treated 

Thiikncss 
pm (pin.) 

Adhesion* 
MPa (ksi) 

Comments 

1 

63.5 

390 

10 

No 

Yes 

Yes 

0.46 

(18) 

36.5 

(5.3) 

Coating - nonuni form 

2 

50.8 

390 

10 

No 

Yes 

Yes 

0.61 

(24) 

70.3+ 

(10.2+) 

Coating - nonuniform 

‘i 

41.3 

390 

10 

No 

Yes 

Yes 

1.02 

(40) 

54,9+ 

(7.97+) 

Round globules 0.2 pm on top of a slight grainy surface. 

6 

41.3 

390 

5 

No 

Yes 

Yes 

0.89 

(35) 

54.6+ 

(7.95+) 

Grainy surface (grains - 0.1 pm) with large globules 
0.5 pm In diameter. 

7 

41.3 

390 

20 

No 

Yes 

Yes 

1.27 

(50) 

70.3+ 

(10.2+) 

.Tagged globules 0.5 pm in diameter on field of the 
small (.1 pm) grains. 

8 

41.3 

390 

30 

No 

Yes 

Yes 

1,52 

(60) 

63.9+ 

(9.28+) 

Much grainier or even porous structure. Pores 0.2 
pm in diameter. 

9 

41.3 

200** 

10 

No 

Yes 

Yes 

1.40 

(55) 

70.3+ 

(10.2+) 

Grainy appearance (0.1-0. 2 pm diameter). Larger 
(.5 pm) globules scattered. 

12 

41.3 

390 

10 

1 Yes 

Yes 

Yes 

- 

66.4 

(9.64) 

Some coating came off in handling. Smoother appearance 
with scattering of 0.2 pm grains. 

13A 

41. 3 

390 

10 

No 

Yes 

No 

(an- 

nealed) 

i 1.02 

(40) 

70. 3+ 
(10.2+) 

Smoothest with an extremely fine structure. 

13B 

41.3 

390 

10 

No 

No* 

Yes 

1.02 

(40) 

70. 3+ 
(10.2+) 

Like 13A but large globules (0.5 pm) scattered. 

14 

41.3 

390** 

10 

No 

Yes 

Yes 

2.16 

(85) 

- 

Coating peeled off. 

16 

41.3 

390*** 

10 

No 

Yes 

Yes 

1.65 

(65) 

40.0 

(5.81) 

Porous looking with '0.2 pm grains. 


* Specimen placed on ceramic plate 

** Sputtered for two hours 


’’f** Sputtered for 1,5 hours 

+ Indicates that cither limits of the machine (68,9 MPa) was exceeded or epoxv fractured. 

Repeat runs numbered 29, 50, 51, 55, and 56 were made uslnR sputtering parameters used In sample No. IIA. 
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SAMPLE NO. 6 4 l,3rnm. 390 W, 5 MICRONS . 1 HOUR 


Fig. III. 6 SEM Micrographs of Cr 203 Deposited at Various Sputtering Conditions. 

Following conditions were used: water cooled substrate, foil-heat 

treated, and sputter-deposit mode. 


- 54 - 


linearly with pressure provided the latter is not too high. At high pres- 
sures, higher than 130 microns (mXorr) , a fraction of the sputtered 
deposit returns to the cathode by back diffusion and the deposition rate 
goes down (see Maissel and Clang [3.3]). Normally, the coating becomes 
rough at high pressure due to increased thickness. Results of Sample Nos. 

5 to 8 reported in Table III. 2 show that the sputtering rate increases with 
increase in pressure. Figures III. 6 and III. 7 show that the coating is 
smoothest when the pressure is lowest (5y). Wlien the pressure is high, 
there is increased diffusion of argon gas in the coating and other con- 
taminants present in the gas which make the coating rough and less adher- 
ent. Sample No. 6 exhibited considerable crazing with hardly any flaking. 
Sample No. 7 exhibited crazing and minor flaking, and Sample No. 8 exhibited 
crazing and had wide separations in the coating. Based on these examina- 
tions, a pressure of 5 to lOp is considered optimum for this coating. 

Effect of Power and Substrate Temperature ; The effect of power and sub- 
strate temperature are interrelated. If power is increased, both the 
target and the substrate temperatures increase. It has been observed 
that at high substrate temperatures the coating sometimes outgasses, and 
there is desorption of impurities during sputtering. Hence, this can 
provide cleaner deposition surface and thereby an adherent film. In some 
cases, heating of the substrate may aid the formation of an intermetallic 
interface layer which facilitates adhesion (see Greene et. al. [3.4]). 

High Cathode (target) temperature can degas and desorb the surface rapidly. 


In case of multi-component films, the components with the highest sputter- 
ing rates will come off faster; but a so called **altered region** soon forms 
at the surface of the cathode. This region becomes sufficiently deficient 
in the higher-sputtering yield component to compensate for its greater re- 
moval rate; so subsequent deposits have the compositon of the parent metals. 
If the cathode temperature is too high, not only can this cause diffusion 
into the altered layer, but one or more of the components of the system may 
have a significant vapor pressure under this condition which might lead to 
its evaporation from the cathode. Therefore, the level of power becomes 
crucial (for more details, see Maissel and Gloiig [3.3]). 
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Fig. III. 7 SEM Micrographs of Cr 203 deposited at various sputtering conditions 
Following conditions were used unless otherwise specified: water 

cooled substrate, foil-heat treated, sputter-deposit mode. 


Examination of results reported in Table III. 2 (Samples Nos. 5, 9, and 13B) 
and SEM micrographs in Figures III. 6 to III. 8 show that coating at half 
power (Sample No. 9) is not as good as coating at 390 W (Sample No. 5). 
Sample 9 exhibits a surface of long parallel cracks, many of which extend 
across the entire field of view of the micrograph. Coatings applied at 
high substrate temperature (Sample No. 13B) are also rough and crazed more 
in the bend test with numerous patches in which there are large separations 
('^^llyrn) in the coatings. Probably insulation by the ceramic plate develops 
some bias which further increases the temperature and the coating cracks 
or builds up stresses during cooling after sputtering. Sputtering condi- 
tions of full power (390 W) and a water-cooled substrate are recommended 
for an optimum coating. 

Effect of Bias : The use of a negative bias is generally found to be bene- 

ficial in the cleaning technique. Surface ion bombardment removes impurities 
in the coating occurring by chemisorption and condensation. It is believed 
that during re-sputtering (due to bias voltage) , most impurities should be 
preferentially removed from the atoms of the main film. Whether or not im- 
purities are removed depends on the relative strengths of the metal-to- 
impurity and the metal-to-metal bonds. 

In the run with chrome oxide using bias (Sample No. 12), the coating exhib- 
ited crazing with long parallel cracks (see Figure III. 7). The coating 
peeled off because of intrinisic film stresses. Also, the temperature of 
the substrate is usually higher during bias than sputter deposit, there- 
fore, the biased coating probably could crack during cooling after sput- 
tering because of thermal stresses. As observed in the analysis reported 
later, one reason for poor adherence in biased chrome oxide coatings was 
absence of a naturally occurring oxide layer at the interface. 

Effect of Substrate Hardness : Substrate hardness has a significant effect 

on the coating adhesion. If the substrate is soft, the sputtering atoms 
are expected to penetrate more deeply into the surface and provide adherent 
film. If the substrate is very hard, the coating adhesion can be improved 
if it is coated in the annealed condition and then heat treated provided 
the coating can withstand heat treatment cycle. Also, the heat treatment 
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20/xm 

SAMPLE N0.I3B 41.3mm, 390W, 10 MICRONS, I HOUR 

HEATED SUBSTRATE 


SURFACE. SEM 


BEND SECTION. SEM 



1 n.rr\ 

SAMPLE NO. 16 41.3mm, 390W, 10 MICRONS, 1.5 HOURS 
THICKER COATING -l.65um 


Fig* III. 8 SEM Micrographs of Cr20-^ deposited at various sputtering conditions. 

Following conditions were used unless otherwise specified: water 

cooled substrate, foil-heat treated, and sputter-deposit mode. 
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can promote diffusion at the interface which normally provides a stronger 
bond. 

A foil was coated in the annealed condition (Sample No. 13A) . Bend tests 
shox^?ed that the coating suffered the least amount of damage during the test; 
SEM surface photographs also show that the coating is smooth. Consequently, 
coating annealed material is recommended (see Figure III. 8). 

A fatigue test on the coated foil was conducted for 72 hours and the sam- 
ples were examined in the SEM. No cracking was observed in the test sam- 
ples. The coated foil would have to be heat treated before installing in 
the bearing. A coated sample was heat treated using the Inconel X-750 heat 
treatment procedure (704°C/20 hours). Metallurgical tests on the heat 
treated sample showed that there was no significant change in the surface 
appearance and coating adhesion from the heat treatment - 

Effect of Coating Thickness : During sliding contact, coatings wear and 

coating life can sometimes be increased if the coatings are thick. However, 
if the sputtered coatings are too thick, they spall. The thickest coatings 
were obtained in Sample 14 and 16, The coating thickness was 2,16ym (85yin.) 
in Sample No. 14 and the coating spalled. At one-half this coating thickness 
(Sample Nos. 5 and 6) spalling did not occur, and the coating looked smoother 
than the thicker coating. This is normal. As coatings grow in thickness, 
they get rougher due to the influence of preferential nucleation sites. A 
coating thickness of about lym (40yin.) is smooth and well bonded and is 
considered an optimum for this coating-substrate combination. 

Effect of Substrate Surface Topography : A smoother coating would have im- 

proved wear life because high spots in a rough coating can easily be knocked 
off during sliding resulting in catastrophic failure. The smoothness of the 
coating considerably depends on smoothness of the substrate. A coated 
glass slide (which is considerably smoother than Inco X-750 foil) from 
Sample No. 13A was examined under SEM which showed that the coating on 
slide was smoother than that on Inco X-750 (see Figure III. 9). There- 
fore, results reported here are only valid for the Inconel foil and if 



SAMPLE No. 


13A 41.3 mm, 390 W, 10 MICRONS 
1 HOUR 


V 

a 
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III. 9 


SEM Micrograph of Sputtered Cr 0 
Coating on a Glass S.Iide ^ 
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the substrate roughness, etc., is changed, coating morphology would be 
changed. 

Analysis of Selected Samples : Surface composition studies of selected 

samples (Nos. 2, 5, 8, 9, 12, 13A, and 13B) and a chip from Cr^O^ target 
were made by Auger Electron Spectroscopy (AES) (for details see Appendix 
A). The Auger spectra showed the expected peak for Cr and 0, and in ad- 
dition very small peaks for S, Cl, and C, presumably as surface impurities. 
There were minor variations in peak heights on different areas of the 
coating, indicating good coating uniformity. The results indicate that all 
the samples show essentially the same atomic ratio of 0 to Cr indicating 
that the coating composition did not change significantly with the indi- 
cated change in sputtering parameters. 

Concentration versus depth profiles were conducted on the following Sam- 
ple Nos.: 5, 12, and 13A after heat treatment at 704°C/20 hours/AC. The 

sample No. 5 had a native chromium rich oxide layer on the substrate, 
prior to film formation. This probably accounts for better bond than in 
Sample No. 12 (bias sputtered). In Sample No. 13A (heat treated), there 
was some diffusion of Fe at the coating interface during heat treatment: 
which probably improved the bond. As discussed earlier, the coating 
on annealed foil (as sputtered 13A) was also well bonded probably because 
of the soft substrate. 

X-ray diffraction studies of Samples 5, 12, and 13A after heat treatment 
show that the coatings as sprayed are amorphous with microcrystalline 
structure of Cr-0; but after heat treatment, the coating crystallizes 
and is made of Cr^O^. 

Auger analysis on the contrary show that it is CrO with some oxygen de- 
ficiency. There is no convincing reason for this difference except that 
the atoms could rearrange to Cr-0 in the top atomic layers of the coating 
because of its lowest energy configuration. It has been mentioned earlier 
that in case of sputtering of multi-component materials if the sputtering 
rates of the components are different, the very first time that sputtering 
is performed from a multi-component cathode, the component with the highest 
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sputtering rate will come off faster; but a so called "altered region" 
soon forms at the surface of the cathode. This region becomes sufficiently 
deficient in the higher sputtering yield component to compensate for its 
greater removal rate; so subsequent deposits have the composition of the 
parent material. With subsequent sputtering the altered layer is main- 
tained. The thickness of the altered layer varies and was found to be 

o 

about 40 A for sputtering of AuCu^ alloy from bombardment by 400-eV ions 
(see Maissel and Clang [3.3], p. 4-39). It is very possible that Auger 
measured the composition of this altered layer rather than the bulk of 
the coating. 

An X-ray diffraction study examines the bulk of the coating and is more 
reliable for composition. Auger is a good tool to get relative measure- 
ments and to get depth profiles. Therefore, it is concluded that the 
bulk of the coating is Cr 20 ^. 

Conclusions ; Chrome oxide, a hard refractory coating, can be sputtered 
successfully on Inconel foil and an acceptable adhesion and smoothness 
can be achieved using optimum sputtering parameters. The substrate hard- 
ness has some influence on the coating adhesion. Softer material sub- 
strates have been found to have improved adhesion. 


Low pressure in the sputtering system, high power, and water cooled sub- 
strate improve the coating adhesion and its smoothness. Biased coatings 
were not as adherent as sputter-deposited coatings and had a lot of in- 
ternal stresses. One reason could be absence of naturally occurring 
chrome oxide layer present at the interface in biased coatings which may 
be responsible for increased adhesion. The optimum thickness of the coat- 
ing was found to be about lym (40pin) . 

The deposited coatings were amorphous as sputtered. After heat treatment 
the coatings were crystallized and made of Cr^O^. The coating recommended 
for bearing tests was the coating as applied in Run //13A. 
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CrpO^ Coating for A286 Journal 


The optimized Cr^O^ coating was applied on the A286 journal (38 mm O.D. 
and 38 mm long). The journal was clamped on the rotating feed through. 

The journal was rotated at 1 rpm by an electric motor coupled to gear re- 
duction unit. Because of the apparatus limitation, the journal could not 
be sputter etched before coating application. The mimimum distance be- 
tween the top of the journal and the target was fixed to 50.8 mm and was 
used. All other parameters and coating procedures were the same as de- 
scribed in the previous section for Sample No. 13A. The journal was ground 
and lapped to about 0.076pm (3 pin) before coating. 

An A286 flat coupon (about 3 mm thick) was placed next to the journal for 
metallurgical examinations and adhesion tests. About 6 mm wide foil was 
wrapped on the dummy journal and held tight by a thin wire wrapped over 
the foil. This created a step on the journal which could be measured by 
the Talysurf. Thus, coating thickness could be determined. It took about 
four hours to get 2 pm (80)iin) thick coating. 

Two coating thicknesses 2pm (80pin) and 1.25pm (50pin) with sputtering 
times of four hours and three hours, respectively, with 300 W power, were 
prepared. The thick coating was scratched by a scriber held at about a 45^ 
angle to the plane to be tested, but the thin coating was not. There was 
no damage whatsoever of the thin coating when rubbed with 600 grit emery 
paper. Therefore, the thin coating was selected (Run No. 54). The ad- 
hesion of the coating was in excess of 68.9 MPa (10,000 psi) . 

Any bend tests could not be performed because the A286 coupon was very 
thick. SEM examination of the coupon was conducted and the coating was 
found to be fairly smooth with some randomly scattered globules (see 
Figure III. 10). 

SPUTTERED Cr ^O^ COATING WITH NICHROME BINDER 

Optimized parameters for straight ^^“ 2^3 used for development of 

Cr^O^ coating with nichromc metallic binder. The target consisted of 
25% nichrome (80% Ni, 20% Cr) and 75% Cr^O^. All the runs were made 
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SAMPLE NO. 54 50.8 mm, 300 W, 6 MICRONS, 

3 HOURS 


10 


SEM Micrographs of Sputtered ('r,^0 
on A-286 Coupon 
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with a target-substrate spacing of 41.3 mm, at full power of 390 W and 
a chamber pressure of lOp. Later during the program, it was realized 
that a smoother coating could be obtained at pressures cf 6p and some runs 
were prepared at this pressure. The substrate and the target were water- 
cooled. 

The variations studied were: sputtered deposit /bias mode, coating thick- 
ness, and heat treated/annealed substrate. 

Heat Treated Foil 

The first four runs (Sample Nos. 20 to 23) were made on the heat treated 
foils consisting of two coating thicknesses in sputter-deposit and bias 
sputter modes. Selected SEM micrographs of the surface and bend samples 
are shown in Figure III. 11 and the coating thicknesses, adhesion strengths, 
and comments on surface appearances are given in Table III. 3. The thicker 
coating (l.lAym) applied in sputter-deposit mode was rougher in appearance 
than a thinner coating (0.76ym). Bend tests showed that Sample No. 21 ex- 
hibited considerable crazing and severe flaking off of the coating. Sample 
No. 20 performed slightly better. Therefore, a thin coating of about 0.76ym 
thickness is preferred. A coating 1.14ym thick was applied in bias-sputter 
mode and it loosened in spots during handling. Even thinner coating (0.89ym 
thick. Sample 23) flaked off badly in the bend tests. This coating was 
slightly rougher than that coating in the sputter deposit mode (Sample 20) . 
Poorer performance of bias sputtered Ni-Cr-Cr^O^ is consistent with that 
of Cr^O^ coating. 

It should be noted that the crazing of Ni-Cr-Cr^O^ is coarser than that 
of straight Cr^O^ which implies that this coating is more ductile. 

Annealed Foil 

Next the coating was applied on annealed foil in sputter deposit mode 
since bias sputtered coating had tremendous residual stresses and were 
not as adherent. After coating application, the foil was heat treated. 

SEM micrographs of the coating surfaces and of bend section are shown in 
Figure III. 12 and other data are presented in Table III. 3. The coating 
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BEND SECTION, SEM 


Sample No. 21 41.3 mm, 390 W, 10 Microns, 1 Hour, Sp. Deposite 


Sample No. 23 41.3 mm, 390 W, 10 Microns, 40 Minutes, Bias 
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TABLE I II. 3 


TEST DATA OF Nl-Cr-Cr?Q-^ SPUTTER COATED SAMPLES 

Spacing = 41.3 mm, Power 390 W 
Substrate - Water Cooled 


Sample 

No. 

Bias 

S])utter 

FoiJ 

Heat 

Treated 

Chaniber 

Pressure 

Microns 

Sputtering 

Time 

Min. 

Thickness 
pm(pln. ) 

Adhesion t 
MPa (ksi) 

Comments on 
Surface Appearance 

Comments on 
Bend Test 

20 

No 

Yes 

10 

40 

0.7f. 

(30) 

70.3-1- 

(10.2+) 

Uniformly pr.ilny surface (grains 
-0.1-0. 2 iim) 

Exhibited considerable 
crazing and severe flaking 

21 

No 

Yes 

10 

60 

1.14 

(45) 

67.7 

(9.82) 

Grainy surface same as sample 20 
but lias patches of larger glob- 
ules -0.8 urn 

Same as sample 20 

22 

Yes 

Yes 

10 

60 

1.14 

(45) 

65.7 

(9.54) 

Some coating peeled off in 
handling 

- 

23 

Yes 

Yes 

10 

40 

0.89 

(35) 

70.3+ 

(10.2+) 

Resembles sample 21 except 
larger globules are smaller 
-0.4 pm 

Most of the coating flaked 
off 

30 

No 

No 

(an- 

nealed) 

10 

60 

1.14 

(45) 

70.3+ 

(10.2+) 

Uniformly grainy appearance 
(grains ~0.1-0.2 pm) 

Exhibited considerable 
cra;jlng but very minor 
amounts of flaking 

38 

Wo 

No 

(an- 

nealed) 

6 

40 

0.76 

(30) 

70.3+ 

(10.2+) 

Grainy appearance (grains 
~0.1 pm) 

Exhibited crazing and very 
little flaking 

47 

No 

No 

(an- 

nealed) 

6 

30 

0.58 

(23) 

1 

70.3+ 

(10.2+) 

Coating smooth 

Exhibited crazing with no 
flaking 

31* 

Yes 

No 

(an- 

nealed) 

10 

60 

1.14 

(45) 

' 70.3+ 

(10.2+) 

Grainy appearance (grains 
'0.1 pm) and patches of larger 
grains ~0.3 pm 

Resembles sample 30 

34* 

No 

Yes 

10 

60 

1.02 

(40) 

56.5 

(8.20) 

Grainy appearance with patches 
of grains '^0.2 pm 

Exhibited much crazing and 
some flaking off 

32 

No 

3 min. 
Yes 
57 min. 

Heat treated 
4* annealed 

10 

60 

1.14 

(45) 

65.6 

(9.52) 

Coating peeled off in handling 
on all foils 



■f + Indicates that either llniit of the machine (68.9 MPa) was exceeded or epoxy fractured 
* Substrate not etched prior to coating 






SURFACE 


BEND SECTION, SEM 


i/im 

Sample No. 47 41.3 mm, 390 W, 6 Microns, 30 Minutes 



Sample No. 31 41.3 mm, 390 W, 10 Microns, 60 Minutes 


Fig. III. 12 SEM Micrographs of Ni-Cr-Cr 203 Deposited for Various 
Sputtering Conditions on Annealed Inco X-750 Foil. 
The coating was applied in sputter deposit mode. 
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thickness in Run No. 30 applied was 1.14ym (45pin) thick. This coating 
had the least crascing compared to heat treated foils after coating and 
was selected for start/stop tests. This coating had slight spalling and 
more runs (Nos. 38 and 47) were made with reduced coating thicknesses. 

The coating, 0.58ym thick (Sample //47) had no spalling during bending and 
the surface was very smooth and was selected for wear tests. 

Effect of Surface Preparation 

Brainard [3.5, 2. 7] during the investigation of Mo_C, Mo B , and MoSi 

^ ^ j z. 

films on 440C substrate found that sputter etching substrates prior to 
coating deposition gave poorer adhesion because of removal of interfacial 
oxide layers. Deliberately preoxidizing the substrate prior to coating 
produced significant gains in coating adherence. The improved adherence 
was believed to be due to the formation of a mixed oxide interface. Sub- 
strate biasing in some cases also adversely affected adhesion by removing 
Interfaclal oxide layers although It produced Improved bulk properties. 

To examine if this would hold true for Cr202 coating with Inconel X-750 
as substrate, three additional runs (Nos. 31, 34, and 32) were made. 

The first run No. 31 consisted of coating the annealed foil in bias sputter 
mode with no sputter etching. This run was made to examine the effect 
of surface oxides in bias sputtering. Run No. 34 consisted of coating 
heat treated foil in sputter-deposit mode with no sputter etching. This 
run was made to examine the effect of interfacial oxides present due to 
heat treatment on sputter-deposit mode. In a third run. No. 32, the 
coating was applied for three minutes in sputter-deposit mode on annealed 
and heat treated foils so that oxides were not removed, and then coating 
was applied in bias sputtered mode to provide hopefully more stoichiometric 
coating with improved bulk properties. The results show that the coating 
in Run No. 32 peeled off in handling probably due to intrinsic film stresses 
so there was no advantage of initial sputter deposit. Also, coatings in 
Run Nos. 31 and 34 peeled off more than in Run No. 30 during bend tests 
(see Figure III. 12). 
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Analysis of Selected Samples 


Surface analyses of Sample Nos. 30 (as coated), 30 (after heat treatment), 

31 (as sputtered), and the target chip were done and the details are re- 
ported in Appendix B. The Cr: 0: Ni ratio of the coating 30 (as sput- 
tered) was very close to the theoretical value with some deficiency of 
oxygen and nickel. The heat treatment of the coatings did not change the 
concentration ratio of Cr and 0, but Ni concentration appears to have 
reduced. X-ray diffraction shows that the coating as sputtered is amor- 
phous, but crystallizes to nichrome bonded Cr 20 ^ after heat treatment. 

Bias sputtered coating (Sample 31, as sputtered) was found to be deficient 
in oxygen and nickel. The oxygen level in this specimen was slightly 
smaller than that in Sample 30 which makes sense because bias sputtering 
reduces the oxygen contamination and in case of oxide sputtering can prefer- 
entially sputter some of the oxygen available from the target material. 

Conclusions : 

It is concluded that bias sputtered coatings are not well adhered due to 
intrinsic film stresses. The sputter deposit mode and sputter etching 
provides more adherent coatings. The crazing network after bend tests, 
in most of the samples, was coarser than that in straight Cr^O^, indi- 
cating that the nichrome binder improved the ductility of the coating. 

The coatings produced in run Nos. 30 and 47 were best based on SEM 
studies of the surfaces and bend samples. The metallurgical examina- 
tions show that the coating sputtered is Ni-Cr-Cr 202 * 

SPUTTERED MULTI-LAYERED NICHROME BONDED 
Nichrome and Ag Layers 

The nichrome (80% Ni, 20% Cr) and Ag were developed to be used as inter- 
layers and overlays, respectively, for Ni-Cr-Cr202 coatings. Parameters 
used were the same as used in Ni-Cr-Cr 20 ^: target - substrate spacing - 

41.3 mm, substrate - water cooled, power - 390W (full), background pres- 
sure = lOy. The results are presented in Table III. 4. The sputtering 

o o 

rates for Ni-Cr and Ag were 380 A/min and 1280 A/min, respectively. The 
coatings were very smooth and no sign of cracking or flaking of Ni-Cr 
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TABLE I II. 4 


TEST DATA OF MULTI-LAYERED SPUTTER COATED SAMPLES 


Sputter Deposit Mode, Substrate - Water Cooled 
Spacing = 41.3 mm. Power = 390 W 


Sample Chamber Heat 

No. Pressure, y Treated 


Nichrome Coating 


Foil Sputtering 
Heat Time 

reated Min. 


Thickness Adhesion^ 
ym(yin.) MPa (ksi) 


Ag Coating 

25 10 Yes 

Ni-Cr-Cr203 with Ni-Cr Underlayer 


0.76(30) 


0.63(25) 


26 

10 

Yes 

7+40 

0.18(7) 

+0.71(28) 

39 

6 

Yes 

10+40 

0.38(15) 

+0.76(30) 

40 

6 

No 

10+40 

0.3 (12) 
+0.69(27) 


Ni-Cr-Cr903 with Ni-Cr Underlayer and Ag Overla 



7+40+2 


10+40+2 


70.21 

(10.19) 


68.7 

(9.97) 

70.3+ 

[ 10 . 2 +) 

70.3+ 


49.2 

0.20(8) (7.14) Grainy appearance (grains '0.1-0. 2 ym) . 

+0.69(27) Silver Most of the coating flaked off in '14 ym 
+0.30(12) layer torn wide flakes during bend test. 

0.20(8) 55.8 Host of the coating came off loose durin 

+0.69(27) (8.1) bend test. 

+ 0 . 20 ( 8 ) 



50.15+ Smoothest coating. No sign of cracking or 
(7.28+) flaking during bend test. 


Coating very smooth. No bend test conducted. 


Seems rather smooth, very few large glob- 
ules. Most of the coating flaked off in 
pieces in bend test. 

Host of the coating flaked off during bend 
test. 

Crazing much coarser than Ni-Cr-Cr203 coat- 
ing and some flaking off during bend test. 


Host of the coating came off loose during 
bend test. 


+: Indicates that either limit of the machine (68.9 MPa) was exceeded or epoxy fractured. 














was found during bend tests. No bend tests on Ag were conducted because 
the coating was expected to be good. 

AES and X-ray diffraction analyses of nichrome was conducted to assure 
that stoichiometry was maintained. The results are reported in Appendix 
C. AES analysis showed that the composition of the coating was very close 
to that of the target. X-ray diffraction analysis also verified it. 

Ni-Cr-Cr 203 with Ni-Cr Interlayer 

Next, three runs were made of Ni-Cr-Cr 203 coating with Ni-Cr as inter- 
3, ayers. The first two runs (Nos. 26, 39) were made on heat treated foils 
with lOp and 6p background pressure because earlier tests indicated that 
lower pressure might provide a smoother coating. In both cases, the coat- 
ing flaked during tests (see Table III. 4 and Figure III. 13). The third 
run (No. 40) was made on the annealed foil. The coating flaked off very 
little during bend test and was fairly well adhered. This sample was 
selected for wear tests. 

Ni-Cr-Cr 2 Q 3 with Ni-Cr Interlayer and Ag Overlay 

Two runs (Nos. 27 and 41) were made with Ni-Cr-Cr^Q^ coating with Ni-Cr 
underlay and Ag overlay on the heat treated and annealed foils. In both 
cases, the coating came off loose during bend tests. Further work will 
have to be done in a future program to develop this coating system. 


SPUTTERED NICHROME BONDED CHROME CARBIDE 

Nichrome bonded chrome carbide was sputtered using the optimized para- 
meters for chrome oxide coating. The sputtering parameters were: chamber 

pressure = 6y, target-to-substrate spacing = 41.3 mm, substrate water 
cooled. The coating was applied using the sputter-deposit and bias- 
sputter modes and the heat treated and annealed foils. It was also sput- 
tered at half power (200 W) . In all cases, the coating came off entirely 
during bend tests (for results see Table III. 5). In each case, the coat- 
ing even cracked with slight bending. The coatings probably had high in- 
trinsic internal stresses. An X-ray diffraction study indicated an amorphous 
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SURFACE, SEM 


BEND SECTION, SEM 


Vm 20^ 

Sample No. 26 41.3 mm, 390 W, 10 Microns, 47 Minutes, Heat Treated Foil 


Sample No. 40 41.3 mm, 390 W, 6 Microns, 50 Minutes, Annealed Foil 


Fig, 111,13 Micrographs of Coat ing 

w i t: h N i - Cr Und e r I a v cm 1 n < • o 7 3 0 

Foil, TIk‘ coating was onplic'd in 
sp. rk'iHcs i f inruh*. 
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TABLE III. 5 


TEST DATA OF Ni-Cr-Cr-^C?. SPUTTER COATED SAMPLES 

Chamber Pressure = 6y, Substrate - Water Cooled 
Spacing = 41.3 mm, Power = 390 W 


Sample 

No. 

Bias 

Sputter 

Foil 

Heat 

Treated 

Sputtering 

Time 

Min. 

Thickness 
ym(yin. ) 

Adhesion" 
MPa (ksi) 

Comments on 180° Bend Test 

42 

No 

Yes 

60 

1.14(45) 

32.65 

(4.74) 

Coating came off entirely at bend 

43 

Yes 

Yes 

60 

1.14(45) 

33.90 

(4.92) 

Coating came off entirely at bend 

44 

No 

Yes 

120 

at 200 W 
power 

1.27(50) 

32.38 

(4.70) 

Coating came off entirely at bend 

45 

No 

No 

60 

i 

1.14(45) 

42.58 

(6.18) 

1 

Most of the coating came off at 
bend . 


■^The coating cracked in each case with slight foil bending. 







coating, and Auger analysis showed the coating was close to the composi- 
tion of the target. The details are presented in Appendix D. 


It is felt that the sputtering parameters, found to be optimum for Cr 203 

system, necessarily are not optimum for Cr^C^ and a parametric study has 

to be conducted in a future program to develop Cr„C coating system. 

d 2 


Since a reasonable coating could not be developed, coating combination 
No. 14 was dropped from Table II. 4. 


SCRATCH TEST OF SELECTED COATINGS 

The objective of the test was to evaluate the relative scratch abrasion 
resistance of the selected sputtered coatings of straight Cr^O^ and with 
metallic binders and Cr^C^. A series of tests were run using the Taber 
Model 502 Shear/Scratch Tester with a number 139-58 diamond tool as the 
cutting tool. In this test, the specimen is mounted on a motor driven 
turntable which rotates at a speed of about 0.6 rpm. The diamond tool, 
which is the corner of a cube with three sides and edges converging at 
90^ to a point, is mounted on a calibrated scale beam. The load is ap- 
plied, and varied, by sliding a weight along the beam. Loads from 10 
grams to 1000 grams can be applied. 

Four sputtered Inconel X-750 foil specimens were evaluated. These in- 
cluded : 

1. Cr^O^ as sputtered on annealed foil - Sample 13A 

2. ^^2^3 annealed foil then heat treated - Sample 13A 

3. Ni-Cr-Cr^O^ sputtered on annealed foil then heat treated - Sample 
47 

4. Ni-Cr-Cr^C^ as sputtered on annealed foil - Sample 44 

Preliminary tests showed that a 50 gram load on the diamond tool was capable 
of making a visible scratch in all of the foil surfaces although most of the 
coatings still appeared to be intact. The scratches were apparently due to 
substrate deformation. Successive tests were run at loads of 50, 100, 150, 
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and 200 grams. The results are shown in Figure III. 14 which is a plot of 
scratch width - in pm, against load in grams. 

Based on the microscope examination of the scratches, the least amount of 
the material was distributed in the foil that was sputtered with Cr^O^ 
and then heat treated (Sample 13A) . The Ni-Cr plus ^^ 2^3 sputtered on 
annealed foil then heat treated (Sample 47) was comparable. The Cr^O^ , as 
sputtered, (Sample 13A) was slightly less effective. Diffusion at the inter- 
face during heat treatment might have improved adhesion somewhat. Although 
the Ni-Cr plus Cr^C^ on annealed foil (Sample 44) showed the narrowest scratch 
width at all loads, it should be noted that there was a disturbed zone on each 
side of the scratch which probably indicates that if the coating was being 
constantly abraded, a significant amount of material would be removed very 
rapidly. 

Description of the Scratch 

The Cr20^ coated foils all showed similar scratch characteristics at each 
load. Under reflected light, it was relatively easy to determine if the 
coating had been removed at the bottom of the scratch groove because the 
appearance of the chrome oxide is dark and the appearance of the substrate 
metal is light. With the Cr^C^ coated foil, the coating and the substrate 
are both metallic and, therefore, appear light. 

Cr 203 Scratch 

The scratch produced from the 50 gram load had isolated areas of coating 
removed which were less than 5% of the entire scratch length. The scratch 
produced by the 100 gram load had areas of coating removed ranging from 5% 
to 10% at the bottom of the scratch groove. With the 150 gram load, ap- 
proximately 80 to 100% of the coating had been removed, while 100% of the 
coating was removed at the bottom of the scratch with the 200 gram load. 

The scratch edges showed little deformation with no sign of perpendicular 
cracking. It appeared as though the coating was removed in fine particles, 
and in some cases, these particles had deposited on the surface next to the 
scratch. 
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In conclusion, the coatings seemed well adhered and Ni-Cr-Cr202 was 

comparable to Cr^^O^ in scratch abrasion resistance. 

Scratch 

The existence of coating still bonded to the substrate was not well defined 
from observations made under the microscope. However, the scratch edges 
showed deformation which appeared to be more severe as the load increased. 
Essentially, the coating was lifting from the substrate in flakes but was 
still bonded to the undisturbed coating adjacent to the scratch. Hence, 
if the coating was removed it would separate in flakes rather than fine par- 
ticles as was the case with the Cr20^. The width of the disturbed material 
was greater than 0.5 mm (0.020 in) at the highest load. Therefore, the 
graph shows the scratch width for the ^^^^2 lower than with the 

Cr^O^J but the overall damage produced by the diamond tool is considerably 
greater. It should also be noted that there were several cracks in the 
deformed coating which ran perpendicular to the scratch. 

It is recommended that SEM studies be made in a future program to elabor- 
ate on the points mentioned in the above discussion. 



IV. EXPERIMENTAL COATING SYSTEM (ECS) EVALUATION TESTS 


ECS evaluation tests included static screening tests, partial arc start/ 
stop tests, full journal bearing start/stop tests, and high-speed rub 
tests. ECS coupons failing or performing poorly at any step in the se- 
quence. above were recycled for further refinement within the scope of the 
program. Post test examination including light microscopy, scanning elec 
tron microscopy , microprobe, Auger, and diffraction analyses were used in 
studying and evaluating samples after testing. 

STATIC MATERIAL SCREENING TESTS 
Sample Preparations 

The selected specimens were in the form of small foil samples approxi- 
mately 50 mm X 50 mm (2 in. X 2 in.) square and lOOym (0.004 in.) thick 
and small journal samples approximately 50 mm X 50 mm (2 in. X 2 in.) 
square and 2.6 mm (0.102 in.) thick each with the appropriate coatings 
as described in the previous section. Thin sheet coupons of journal 
were selected so that weight change could be detected more accurately. 
They were selected to be flat for ease in sectioning for metallurgical 
examinations. Three sets of each coating were prepared. Two sets were 
to go through the oven test and the third set was retained for compari- 
sions. Duplicate specimens were used to ensure repeatability. 

Oven Screening Tests 

Static screening tests were conducted on coated coupons suitable for op- 
eration over three temperature ranges: 

1. Room temperature to 427°C (800°F) 

2. Room temperature to 540^0 (lOOO^F) 

3. Room temperature to 650^C (1200^F) 

The test consisted of exposure of material samples in an oven (oxidiz- 
ing environment) for 100 hours at the maximum service temperature (427°C, 
540^C, or 650°C) and 10 temperature cycles from room temperature to the 
maximum service temperature. The specimens were cooled from maximum 
service temperature to close to room temperature in about 20 minutes. 
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The specimens were subjected to standard physical and metallurgical 
surface examinations prior to and after test for further screening. The 
foil coupons were tested under flex bending. All of the shaft and foil 
coupons went through a surface adhesion tape test, and a scratch test 
under microscope examination. Selected specimens were examined using 
scanning electron microscope and other analytical techniques. Super- 
ficial Rockwell hardness tests were performed on the thicker coatings. 

The weight and the thickness of the coupons, before and after the oven 
tests, were recorded. The coupons before and after the oven tests were 
mounted side by side for visual comparisons. The coatings selected 
from these tested were then tested in dynamic tests. 

Discussion of Results 

The results of the static oven and the thermal cycle tests are presented 
in Appendix E. The results were very encouraging since most of the prom- 
ising candidate materials survived these screening evaluations. The photo- 
graphs of the coupons before and after tests are shown in Figures IV. 1 to 
IV. 5. The results are reviewed in Table IV. 1 and IV. 2. Not much change 
was seen from oven tests. 

CdO-graphite-Ag coating became yellowish. The microprobe analysis was 
done to find out what the yellowish matter was. It revealed the presence 
of chlorine over most of the surface. Based on our NaCl standard for Cl, 
the average amount present in the coating was 1.3 w/o.* The spots which 
showed concentrated areas of chlorine counts on an X-ray map for chlorine 
were parts of the silver particles of the coating. It was believed, there- 
fore, that AgCl has formed on some of the silver of the coating, giving 


*The net number of X-ray counts/sec obtained for chlorine from the standard 
is 17936. Chlorine makes up 60.66% by weight of the material in NaCl. 
Therefore, 17936 c/s is the number of counts from a material whose concen- 
tration of chlorine is 60.66 w/o. Back calculating to the number of counts 
which would be emanating from a pure chlorine standard is 29568 c/s. The 
chlorine of the coating gave a net count of 382. Computing, we get: 

382 

X 100% — 1.3 w/o Cl 
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BEFORE OVEN AFTER OVEN 
Chrome Oxide (Bias Sputtered) 
No. 12 




BEFORE OVEN AFTER OVEN 
Chrome Oxide (Sputter Deposit) 
No. 5 



BEFORE OVEN AFTER OVEN 
Ni-Cr-Cr^Og (Sputter Deposit) 
No. 38 




BEFORE OVEN AFTER OVEN 
Ni-Cr-Cr 203 (Sputter Deposit) 
with Ni-Cr Underlay (Sputter Deposit) 
No. 40 



BEFORE OVEN AFTER OVEN 
Ni-Cr-Cr 203 (Sputter Deposit) with 
Ni-Cr- Underlay (Sputter Deposit) and 
Ag (Sputter Deposit) Overlay 
No. 41 



BEFORE OVEN AFTER OVEN 


Ni-Cr-Cr 3 C 2 (Sputter Deposit) 
No. 42 



BEFORE OVEN AFTER OVEN 
Ni~Cr-Cr 3 C 2 (Sputter Deposit) 
on Annealed Foil 
No. 45 



BEFORE OVEN AFTER OVEN BEFORE OVEN AFTER OVEN 

Ni-Cr-Cr 3 C 2 (Bias Sputtered) Nichrome (Sputter Deposit) 

No. 43 No. 39 


Heat Treated Inconel X-750 Coupons (650° C) 

Fig. IV. 1 Photographs of Coatings Before and After Oven Test 
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BEFORE OVEN AFTER OVEN 
Ag (Sputtered) 


BEFORE OVEN AFTER OVEN 
Kaman DES (C.A.) 


RE OVEN AFTER OVEN 
NASA OSF-6 (Fused) 


bhrUHfc UVbN 
Kaman DES 


BEFORE OVEN AFTER OVEN 
75.85.% PbO, 4.2% Si02, 

10% Ag. 10% FeaO.; 
(Fused) 


BEFORE OVEN AFTER OVEN 
TIC (Sputtered) 


BEFORE OVEN AFTER OVEN 
85.2% PbO, 4.8% SiO^. 

10% F 03 O .4 (Fused) 


BEFORE OVEN AFTER OVEN 
61.5% PbO. 3.5% SI02. 

10% Fe 30 .j. 25% Ag 
(Fused) 


Heat Treated Inconel X-750 Coupons (650^ C) 


Fig, IV. 2 Photographs of Coatings Before and ^Af ter Oven Test 

















BEFORE OVEN AFTER OVEN 
TiC (ARE) 


BEFORE OVEN AFTER OVEN 
HfN (ARE) 


Heat Treated Inconei X-750 FoHs (540®C) 


BEFORE OVEN AFTER OVEN 
HL-800 (Air Sprayed) 


BEFORE OVEN AFTER OVEN 
CdO-Graphite-Ag (Air Sprayed) 
in Brick Furnace 


BEFORE OVEN AFTER OVEN 
CdO-Graphite-Ag (Air Sprayed) 
in Metal Muffle 


Heat Treated Inconel X-750 Foils (427° C) 


Figure IV. 3 Photographs of Coatings Before and After Oven Test 







BEFORE OVEN AFTER OVEN 
Chrome Carbide (Det. Gun) 


BEFORE OVEN AFTER OVEN 
Kaman DES (C.A.) 



BEFORE OVEN AFTER OVEN 
Kaman SCA (C.A.) 


BEFORE OVEN AFTER OVEN 
85% PbO, 4.8% SiOa. and 
10% Ag (Fused) 



BEFORE OVEN AFTER OVEN 
71% PbO, 4% SiOa, and 
25% Ag (Fused) 


BEFORE OVEN AFTER OVEN 
NASA PS 120 (Plasma Sprayed) 


BEFORE OVEN AFTER OVEN 
NASA PS 122 (Plasma Sprayed) 


BEFORE OVEN AFTER OVEN 
ZrOa-CaFa (Plasma Sprayed) 


Figure IV. 4 Photographs of Coatings Before 
and After Oven Test 


BEFORE OVEN AFTER OVEN 
Ct 2 03 (Sputtered) 


Heat Treated A-286 Coupons (650^ C) 



AFTER OVEN 
NASA PS 120 (P.S.) 


BEFORE OVEN AFTER OVEN 
NASA PS 122 (P.S.) 


Heat Treated A-286 Coupons (540° C) 



BEFORE OVEN AFTER OVEN 
HL-800 (Air-Sprayed) 
on Metco Cr 3 C 2 (P S.) 


Heat Treated A-286 Coupons (427° C) 


Figure IV. 5 Photographs of Coatings Before and After Oven Test 
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TABLE IV. 1 


STATIC OVEN SCREENING TEST RESULTS 

Coatings of Foil Exposed at Maximum Service Temperature for 
100 Hours and Followed by Ten Thermal Cycles 


Coating 

HL-800 

Exposure 

(“C) 

Temperature 

(°F) 

Surface Appearance 

427 

(800) 

Unchanged 

CdO-graphite-Ag 

427 

(800) 

Some yellowish spots on foil 

CdO-graphite-Ag* 

427 

(800) 

Unchanged 

Cr 203 (bias sp., Run //12) 

650 

(1200) 

Unchanged 

Cr 203 (sp. deposit) on annealed foil 
(Run //13A) 

650 

(1200) 

Unchanged 

Cr 203 (sp. deposit. Run #5 or 15) 

650 

(1200) 

Unchanged 

Ni-Cr-Cr 203 (sp. deposit. Run #30) 

650 

(1200) 

Little surface oxidation 

Ni-Cr (sp. deposit. Run #39) 

650 

(1200) 

Little surface oxidation 

Ni-Cr-Cr203 w/Ni-Cr underlay on 
annealed foil (sp. deposit. Run #40) 

650 

(1200) 

Little surface oxidation 

Ni-Cr-Cr 303 w/Ni-Cr underlay and Ag 
overlay (sp. deposit. Run #41) 

650 

(1200) 

Little surface oxidation 

Ni-Cr-Cr 3 C 2 (sp. deposit. Run #42) 

650 

(1200) 

Considerable surface oxidation 

Ni-Cr-Cr 3 C 2 (bias sp.. Run #43) 

650 

(1200) 

Considerable surface oxidation 

Ni-Cr-Cr3C2 (sp. deposit) on annealed 
foil (Run #45) 

650 

(1200) 

Considerable surface oxidation 

Ag (sp.) 

650 

(1200) 

Surface oxidized Coating intact 



underneath 


*Test conducted in metal muffle inside furnace. 



TABLE IV. 1 (cont'd) 


Coating 

Exposure 

CC) 

Temperature 

(°F) 

Kaman DES 

650 

(1200) 

Kaman DES + SCA 

650 

(1200) 

TiC (sp.) 

650 

(1200) 

TiC (ARE) 

540 

(1000) 

HfN (ARE) 

540 

(1000) 

61.5% PbO, 3.5% Si02, 10% Fe30A, 

25% Ag 

650 

(1200) 

75.8% PbO, 4.2% Si02, 10% Ag and 
10% Fe^O^ (fused. Run //7) 

650 

(1200) 

85.2%, PbO, 4.8% Si02, 10% Fe304 
(fused. Run #9) 

650 

(1200) 

CaF 2 -BaF 2 -Ag (OSF-6) 

650 

(1200) 


Surface Appearance 

Unchanged 
Unchanged 
Coating oxidized 
Coating oxidized 
Coating oxidized 

Surface oxidized, coating under- 
neath intact 

Coating recrystalized at the 
surface, it melted and flowed. 
After polishing could recover 
original coating. 

Unchanged 

Unchanged 



TABLE IV. 2 


STATIC OVEN SCREENING TEST RESULTS 

Coatings on Journal Exposed at Maximum Service Temperature 
for 100 Hours and Followed by 10 Thermal Cycles 


Exposure Temperature 

Coating °C (°F) Surface Appearance 


HL-800 on Metco 

427 

(800) 

Unchanged 


650 

(1200) 

Unchanged 

Kaman DES 

650 

(1200) 

Unchanged, became greener 

Kaman SCA 

650 

(1200) 

Unchanged, became greener 


650 

(1200) 

Unchanged 

NASA PS120 (P.S.) 

650 

(1200) 

Coating flaked off 

NASA PS122 (P.S.) 

650 

(1200) 

Coating flaked off 

NASA PS120 (P.S.) 

540 - 

(1000) 

Unchanged 

NASA PS122 (P.S.) 

540 

(1000) 

Unchanged 

ZrO^ - CaF^ (P.S.) 

650 

(1200) 

Unchanged 

71% PbO-4% Si02 - 25% Ag 

650 

(1200) 

Surface oxidized, coating underneath 
intact 

85.2% PbO, 4.8% SiO, and 
10% Ag (fused, Run v8) 

650 

(1200) 

Surface oxidized, coating underneath 
intact 



rise to the peculiar pale yellow film. No chlorine was found on the 
reference as sprayed coating before the oven test. The source of 
chlorine is unknown; it might either come from water or the outgassing 
of the brick furnace. The next run was made with distilled water and 
the oven test was conducted in a metal muffle. There was no yellowish 
spots this time. Care should be taken to use distilled water so that 
no chlorine is added in the coating. 

Tic, HfN, and Ni-Cr-Cr^C^ coatings on the foil oxidized and were dropped 
from the test matrix, NASA PS120 and PS122 coatings on the journal coupon 
spalled at 650^C, but were intact in 540°C tests. All coatings other 
than Tie and HfN (coating combinations 16 and 17 in Table II. 4) were 
recommended for dynamic tests. It should be noted that coating combin- 
ation numbered 10, 14, and 18 in Table II . 4 were cancelled due to the 
lack of good DES and SCA coated f oils^Ni-Cr-Cr^C^ foils, and OSF-6 coated 
journal. 

TEST FACILITY AND INSTRUMENTATION 
Start/Stop Test Apparatus Description 

An existing test apparatus which was used in the previous NASA program 
was used to run start/stop tests. It was automated to run unattended. 
Program time switches (mfg. by Dayton, Model SPDT W/96 on-off at 15s 
intervals) were used to turn the heaters on and off. A temperature con- 
trol unit was used to maintain the bearing temperature to a desired level. 
The test rig was further modified to allow hot air to go through the bear- 
ing in full bearing tests. It was also modified to have the capability to 
run high speed rub tests. The test apparatus used for start/stop tests is 
shown in Figures IV. 6 and IV. 7. Figure IV. 8 shows the close up of the ap- 
paratus. 

The support shaft was made of A286 to match the material of the test jour- 
nals and supported on two preloaded angular contact ball bearings. The 
shaft incorporated an integral heat dam consisting of a 28.4 mm (1.12 in) 
long section, 1.6 mm (.063 in) thick which extended into the hot zone. The 
test journal was a light interference fit onto the shaft. The pilot 
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Figure IV. 6 Foil Journal Bearing Materials Test Rig 


KII-17620 
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diameter for the interface was coated with a 5-lOym (.0002-. 0004 in.) thick 
layer of nickel-chromium applied by the Electrolizing Company. The test 
journal was held in place with a tie bolt, also made of A286, which was 
threaded into the shaft. Heat baffles mounted to the support housing in- 
terrupted the flow of heat out of the hot zone. In addition a 6.4 mm 
(.250 in) thick Mycalex 50Q disk acted as an insulator between the heat 
baffles and the support housing. 

Oil for lubricating and cooling the support ball bearings was supplied 
through two oil jets 180° apart at each bearing. A water cooled heat 
exchanger in the oil supply loop removed heat from the oil. A water 
jacket in the support housing assisted in removing heat from the test 
end support ball bearing. 

A double laybrinth seal with pressurized air supplied between the seals 
prevented the oil from traveling down the test shaft into the test bear- 
ing area. 

The test spindle was driven by a 1 hp and 3450 RPM electric motor. The 
motor was attached to the main vertical support plate and connected to 
the spindle with a flat drive belt. A pulley ratio of 4:1 was used to 
obtain a 13,800 RPM spindle speed. The on-off cycle rate was controlled 
by adjustable timers. The spindle was turned on for 4s and turned off 
for 7s. The time was selected so that the bearing fully lifts off during 
on cycle and the spindle is completely stopped during the off cycle. An 
impulse counter was used to count each cycle. 

A heater box consisting of eight 500-watt quartz lamps was used to heat 
the test chamber to the required temperature. The test temperature was 
manually controlled by use of variacs to vary the voltage to the quartz 
lamps. 

Measurements and Instrumentation 

TM 

Rotor Speed : Rotational speed was measured by an MTI Fotonic Sensor 

fibre optic probe which responds to the once per revolution passing of 
a dark band painted on the test shaft. The output of the Fotonic Sen- 
sor was displayed on one channel of a two-channel visicorder. 
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Test Temperature : The test bearing housing temperature was monitored 

using four (4) Type K, Chromel-Alumel thermocouples. The thermocouples 
were mounted on the outside of the housing 90° apart, then covered with 
a heat shield to prevent direct radiation from the quartz lamps. These 
thermocouples were used to monitor the test temperature. It had been 
determined during initial rig checkout that the test bearing tempera- 
ture was essentially the same as that recorded on the bearing housing 
after the housing had been allowed to soak at the test temperature for 
15 minutes. The output of the thermocouples were recorded on a Honey- 
well multipoint chart recorder. 

Frictional Drag : The mechanical arrangement used to measure the break- 

away frictional drag of the test bearing during starting and stopping 
is shown in Figure IV. 6. The floating foil bearing housing is restrained 
from rotation by a torque arm connected to the test bearing housing, and 
a flexure in the vertical plane acting through the bearing centerline. 
Bearing frictional drag causes deflection of the flexure which is meas- 
ured by a capacitance proximity probe. The range of the capacitance 
probe used in the system was 0.254 mm (0.010 inch). The output of the 
capacitance probe was recorded on one channel of a visicorder. 

The kinetic friction coefficient was also measured during the tests. The 
belt was removed from the support shaft and it was rotated by a variable 
speed drill at about 60 rpm or less. A plastic sleeve was inserted over 
rotating member of the drill, which was pressed against the shaft to get 
better contact. The continuous output was recorded through the visicorder 
as described earlier. 

The static breakaway torque was measured by using an arm with a pan per- 
pendicular to the support shaft. The pan was loaded gradually until the 
journal slips. This gives the friction of the assembly. Then the bear- 
ing is installed and the test is repeated. The difference between the 
two gives the static friction of the bearing. 

Test Bearing Load : 

The test bearing loading was accomplished by applying calibrated dead 
weights to the test bearing housing. 
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Test Bearing and Test Journal 


The test bearing selected was a partial arc 38.1 mm (1.5 in) diameter Hy- 
dresil Journal Bearing. The test bearing and test journal are shown in 

Figure IV. 9. The bearing diameter and mechanical design were based on 
the bearing used in Part I of this program. The bearing consists of a 
bump foil and a top or smooth foil. The smooth foil receives the coat- 
ing to be evaluated. The two foils are individually attached to a *’key" 
by spot welding and are separated by a spacer block. The key then fits 
into a slot in the floating bearing housing and is secured in place by 
tapered pins. This method of attaching the foils to the housing is not 
typical for hydresil applications, but did greatly facilitate changing 
test specimens while having the fewest number of test components. 

To properly evaluate each coating combination, a newly coated foil was 
run against a clean journal surface which had not been tested against 
other foil coatings. To reduce the number of test journals required, a 
bearing of 19.05 mm (.75 in) wide was used which allowed the 44. 5 mm 
(1.75 in) wide journal surface to be used with two (2) foil coatings. 

The test bearing housing was indexed axially along the test sleeve to 
locate the test bearing over the appropriate section of the test jour- 
nal. 

A partial arc bearing was used rather than a complete bearing to simplify 
bearing fabrication and testing. The test bearing had a pad arc of ap- 
proximately 186^, Through testing, it was determined that a pad of less 
than 180° resulted in rough bearing operation. The test bearing had one 
bump more than one half the total number of bumps in a complete circular 
bearing, which resulted in the 186° pad arc. Rotation of the journal was 
from the loose end into the weld. A complete L/D = 1, 360° pad bearing 
was used to evaluate the moat promising coating combination identified 
from the partial arc testing. 

Final machining of the journals was completed after the plasma sprayed 
coatings were applied and before the fused and sputtered coatings were 
applied. The journals were ground to be 5ym (.0002 in) round and 2.5pm 
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(.0001 in) straight over the test area. Typical static and dynamic run- 
outs of the test journal surface after installation on the shaft were 
approximately 7.5um (.0003 in). 

Modifications for Full Bearing Tests 

The modification was to introduce air flow through the full bearing (38 mm 
in diameter and L/D - 1) in a manner representative of the engine. This 
air could help in removing the wear particles generated at the sliding in- 
terface. The air flow in a current engine system is about 0.027 N.s-1 

(0.006 Ib/s); and about half of it flows through the bearing. Therefore, 
about 0.009-0.013 N.s-1 (0.002-0.003 Ib/s) air goes through the bearing. 

3 

An air flow setting of 0.012 N.s-1 (0.00275 Ib/s or 2.2 ft /min) was es- 
tablished in the rig at room temperature and at 5-10 psig. This air was 
passed through a heavy duty hotwatt heater (//HAS224, 1500 W @ 120 V) then 
through a 6.4 mm 0. D. 304 stainless steel coil inside the quartz heater 
(used to heat up the bearing) to the bearing interface. In case higher 
flow than needed for the bearing has to be provided so that heater would 
not burn up, a bleed off valve was placed to discharge the extra air flow. 
The required air flow turned out to be sufficient for the heaters. 


The temperature of the air coming out of the heater was only about 315^0 
(600^F) . But air heated up considerably in the coil and the temperature 
of air coming out of the coil was about 593°C (llOO^F) which is only 55 C 
(lOO^F) lower than of the bearing in 650°C tests. The air probably heated 
up slightly more during about 6 mm travel from the coil outlet to the bear- 
ing inlet. In 427°C tests, the air temperature could be raised to the same 
level as the bearing temperature, e.e., 427^C. The set up is seen in the 
high speed rub test facility shown in the next sub-section (Figure IV. 10). 

Modifications for High Speed Rub Tests 

High speed rub tests consisted of dropping weights from a predetermined 
height on the bearing running at a high speed - 30,000 rpm. The turbine 
drive was installed to be able to run the test rig at 30,000 rpm. A load- 
ing mechanism was also installed to be able to apply the desired g*s in a 
shock load. It consisted of a vertical Inco 625 rod, which penetrated the 
top of the furnace and was sitting on a hemispherically ended and M 0 S 2 coat 
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ed pin screwed to the bearing housing which was used to transmit the shock load. 
A pan was mounted on the vertical rod. To impose an impact load on the 
bearing, a known load was dropped from a known height and impacting the pan 
connected to vertical rod. The rod transmitted the impact load to the 
housing and the test bearing. A photograph of the test rig is shown in 
Figure IV. 10. 

If the load was dropped directly onto a metal pan connected to the bear- 
ing hqusing, the shock was extremely high.. A 6.3 ram thick elastomer was 
placed over the pan and it gave flexibility of generating a range of lower 
g’s levels. An accelerometer (Type 4333, mfg. by Bruel and Kjaer, Denmark) 
was mounted on the bottom of the pan near the center. Its output was fed 
to the storage oscilliscope through a charge amplifier. A Krohn-Hite fil- 
ter, low pass 100 Hz, 12 db/octave was used to remove low frequency noise. By 
dropping different loads, the load-acceleration curve was generated at room 
temperature. 

A thermocouple was welded to the upper surface of the bump foil at one end 
in the loaded zone. The output of the thermocouple was fed to a digital 
voltmeter with a meter scan time of 0.4 s. If there is significant rubbing, 
it would increase the transient ambient temperature and it could be recorded. 
This was used as an indication of any rubs or bearing failure. 

Measurement of Number of Contacts During Rub ; 

Contact resistance between the bearing and rotating shaft was also measured 
to determine if there was any physical contact during each shock load test. 

A slip bronze brush was used to make contact with the rotating shaft. The 
bearing housing was isolated from the ground. 

An electronic circuit was built to detect any physical contact and measure 
the number of contacts. A simple voltage comparator was built that had an 
adjustable threshold or sensitivity feature that enabled evaluation of con- 
tact at selectable resistance levels. At any instance when the resistance 
changed from a value greater than a selected level (e.g. 12,000 Q) to a value 
less than the selected level, a contact was registered. Initial resistance 
measurements of the bearing indicated approximately five ohms of static 
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contact resistance and more than 100,000 ohms of resistance when rotating 
at 30,000 rpm. Accordingly, circuit component values were selected that 
allowed adjustment throughout the range of 1000 to 50,000 of contact re- 
sistance to trigger the voltage output level of the detector. The output 
voltage, which could swing from 0 volts at low or touch resistance to 5 
volts at the high or open circuit condition, was used to accumulate counts 
instantaneously on a Hewlett Packard Pulse Counter Model 5216A which operated 
as a total counter with a manual reset to zero. 

In operation, the counter would acquire a number of pulse or touch 
counts on start up and would cease counting when stable rotational con- 
ditions were recorded. At this time, application of pressure or drop- 
ping of weights on the bearing would result in additional counts being 
accumulated and further counts were acquired when the shaft slowed down 
as a result of turning off the turbine. 

The circuit is shown in Figure IV. 11 assuming a sensitivity around 100 
k is desired. At 100 kfi the voltage at E, will be 4.54 volts as 
a result of the voltage divider effect of the lOK^ fixed resistor 
and the 100 kJ2 assumed value of foil to shaft resistance. If the 
voltage at is adjusted by means of the 10 kfi potentiometer to 4.54 
volts, then any change of resistance of the foil bearing to the shaft 
results in an output voltage change of zero to five volts which can be 
used to trigger a pulse counter. Calibration to any desired value of 
resistance sensitivity is accomplished by disconnecting the foil bearing 
leads and inserting a fixed value resistor between point E and ground. 

Measure at the output with a voltmeter and adjust the 10 k^2 trimpot 
until the setting is found that just causes the output voltage to swing 
between +5 volts and zero volts DC. Leave the adjustment set at zero 
volts DC output. A little hysterisis was placed in the circuit by 
means of 560 kf^ of feedback which helps remove the normal ambiguity 
of the circuit at or near the voltage crossover point. The 1.2 kQ 
output resistor is simply a pull up for the oven collector transistor 
in the LM 311 voltage comparator. Since no attempt to slow down the 
frequency response of the sensing circuit was made, the unit will 
spond to touch times in the order of 10 to 15 microseconds. 
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Fig. IV. n Schematic of the Electronic Circuit used for 

Counting Number of Contacts during High Speed 
Rub Tests 
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START-STOP TEST R7.SULTS AND DISCUSSIONS 


Testing and Screening Technique 

The. start-stop tests were conducted with the facilities described in the 
previous sub-section with one-third the number of test cycles at a test 
chamber temperature of 427°C (800°F), 5A0°C (lOOO^F) or 650°C (1200®F) ,one 
third at the intermediate temperature and the other third at room temperature . The 
test format for the test specimens coated with hard coatings was as follows: 

1. Five hundred cycles* at maximum temperature; 4 seconds on and 7 
seconds off, 

2. Five hundred cycles at controlled temperature program, RT to 

maximum temperature. ' 

3. Five hundred cycles at room temperature 

4. Repeat steps 1, 2, and 3 in the sequence until coatings fail up 
to a total of 9000 start-stop cycles. 

In a previous program it was found that in case of hard coatings, if the tests 
were run at high temperature first, the coating performed better (reactive re- 
plenishment concept). Therefore hard coatings were tested at high temperature 
first. In the case of solid lubricant coatings (CdO-Graphite-Ag) the test 
sequence was reversed (Steps 3, 2, 1) because preoxidating of the bearing 
surfaces was not needed. 

Time elapsed for 500 cycles was about 1.5 hours. If the heater was turned 
off after 500 cycles at maximum temperature, it took about 1.5 hours for the 
bearing to cool off, which matched with the time needed for 500 cycles. So, 
500 cycles at intermediate temperature could be conducted while the bearing 
was cooling off. A typical temperature-time curve is shown in Figure IV. 12. 

During tests, the following test conditions were monitored and recorded: 

• Serialization of specimens to include: materials, vendors, processing, 
and finishing data. 

• Visual inspection of coatings before and after each 500 cycle period. 


* One cycle consists of one start and one stop. 
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TEMPERATURE 


800 



Fig. IV. 12 Cooling Curve of the Bearing from 650°C when the 
Heater is Turned Off 


793297 
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• Dynamic breakaway friction and kinetic friction of the bearing 
at the start and conclusion of each 500 cycles. 

• Static breakaway torque at the beginning and end of the test. 

• Ambient temperature. 

• Maximum speed of spindle. 

• Static and dynamic runout of test spindle. 

• Unit loading 

After every 500 test cycles a recorded trace of dynamic friction torque 
as a function of rotating speed during acceleration and deceleration was 
obtained for the purpose of estimating the general condition of the rubbing 
surfaces. The acceleration and deceleration of the drive motor was too fast 
to estimate the lift-off and touch-down speeds. 

Initially, partial arc bearing tests on all of the test combinations selected firoir 
static oven screening tests were made and tested to the maximum of 9000 
start-stop cycles at approximately 14 KPa (2 psi) based on projected area. 
This was followed by partial arc bearing start-stop tests at increased 
loading with the most promising material combinations, the unit projected 
specimen load in this test being 35 kPa (5 psi). Finally, start-stop tests 
of the most promising material combinations resulting from partial arc tests 
were made using a complete foil bearing. 

The following criteria were used to screen the start-stop test results: 

• Static and dynamic breakaway friction and kinetic friction at the 
start and conclusion of each 500 cycles. 

• Visual inspection of the journal and the foil before and after 
each 500 cycles. 

• Microscopic examination of the journal and the foil. 

If the friction torque increased or the surfaces showed significant loss 
of coating or wear, the bearing was considered failed and the testing was 
terminated. Certain subjective judgment was required. Photographs of the 
bearing surfaces after the test and sometimes during the test were taken. 
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Partial Arc Bearing Tests at 14 kPa (2 psi) Loading 

As explained earlier, foil bearing pads with a width of 19 mm (3/A in.) and 
a pad arc of 186° were made. This made it possible to conduct two separate 
tests on each journal (38 mm, bearing width) using parallel contact tracks. 

The results of the coating combinations tested are reported in Table IV. 3. 

The table shows the dynamic and static breakaway friction coefficient and 
kinetic friction coefficient, surface roughness of the journal before and 
after tests, and comments on the surface appearance of the journal and bear- 
ing after test. 

Baseline Test ; First test consisted of detonation gun Cr^C^ on the test 
journal and Hohman M-128A (MoS^ dry film) on the foil. This test was used 
as a baseline reference in evaluating rig performance. At the end of the 
1500 start-stop cycle sequence which Included; 500 cycles at room tempera- 
ture; 500 cycles at 27A°C (525°F); and 500 cycles at intermediate temperature, 
both coatings were still in a serviceable condition with only light transfer 
of the dry film to the journal occurring. 

Preoxidized Surfaces ; Next, preoxidized foil versus preoxidized journal were 
tested at a maximum temperature of 650°C (Test No. A, Table IV, 3). After 
1500 cycles, foil and journal had numerous scratches and the surfaces galled. 
It demonstrated the need for coating foil and journal surfaces to minimize 
wear and damage of the rubbing areas. 

Cd 0-Graphite Coating System ; Air sprayed CdO-Graphite on foil versus detona- 
tion gun Cr 2 C 2 on journal was tested at a maximum temperature of A27°C. After 
6000 start/stops at HT, IT, and RT, the foil coating was polished and there 
were no bare spots. The journal was lightly coated with graphite which re- 
duces further wear. In the next 3000 cycles, the journal was virtually un- 
changed, but the foil had some wear bands. For photographs of surfaces after 
test, see Figure IV. 13a. 

Air sprayed CdO-Graphite coating on both foil and journal (Test No. 8) was 
tested at a maximum temperature of A27°C. After 3000 cycles, the coating 
was worn and the test was stopped. The test was repeated with new journal 
and foil pieces and the same results were obtained. Although CdO-Graphlte 


-lOA- 



TABLE IV. 3 


START-STOP TEST RESULTS OF COATING COMBINATIONS 
Partial Arc Bearings 

Load = 14 kPa (2 psi) Based on Bearing Projected Area 


Tesr Coating Foil and 

No. Combination Journal Coatings 

1* None assigned Air sprayed M 0 S 2 

(Hohman 1284) 
versus Det. Gun 
CraCj 

4** 4 Preoxldliedtt 

versus 

preoxldizedt 


Air sprayed CdO- 
Graphlte (HL-800) 
versus Det. Gun 
Cr3C2 


Kaxlfum Friction Coefficient 

Test After After After After | After 

Temp, At 499 999 1499 5999 

*C (*F) Start Cycles Cycles Cycles Cycles 


Air sprayed CdO- 
Graphite versus 
Air-sprayed CdO- 
Graphite 


Air sprayed CdO- 
Craphite versus 
Air sprayed CdO- 
Graphite with 
Jtetco CrjCa 
undercoat 

Air sprayed CdO- 
Graphite-Ag 
versus Det. Gun. 
Cr3C2 


0.13 0.13 


D 0.48 0.33 0.56 0.56 

[ 1200 ) 

K 0.48 0.44 

S 0.20 0.22 0.35 

427 

D 0.22 0.22 0.22 0.22 0.29 0.59 

(800) 

K 0.22 0.22 0,24 0.24 0.29 0.59 

427 S 0.13 0.22 0.23 

(800) (3000) 

D 0.22 0.3 0.41 0.19 0.45 

(3000) 

K 0.22 0.19 0.44 

(3000) 

S 0.18 

427 

(800) D 0.3 0.26 0.52 0.15 0.22 0.56 

( 2000 ) 

K 0.18 0.26 0.37 


0.26 0.29 0.29 0.26 0.41 

(3000) 

0.24 0.26 0.41 

(3000) j 


Surface Roughness 
of Journal 


un 

(pin.) 


Before 

After 

Comments 

0.33 

0.33 

Completed 1500 cycles at RT, HT and IT. Both 
surfaces serviceable after test. 

Rated - successful. 

(13) 

(13) 


0.46 

(18) 

1.32 

(52) 

500 cycles each at HT, IT and RT - Foil and 
Journal had numerous scratches and surfaces 
galled badly. 

Rated - unsuccessful. 

0.04 

(1.7) 

0.13 

(5) 

2000 eye. each at RT, HT and IT-Foil coating 
polished, Journal lightly coated with graphite. 
After next 3000 cycles-journal unchanged, foil 
coating worn along six bumps in the loaded zone. 
Both surfaces serviceable. Rated - Acceptable. 



500 cycles each at RT, HT and IT - Foil and 
journal deeply polished at one edge. Fine, 
polishing throughout both. After next 1500 
cycles, one edge of Journal and foil was worn. 
Rated - unsuccessful. 

- 

0.89 

(35) 

500 cycles each at HT, IT and RT - Journal 
polished, foil had bare spots in loaded zone. 
After next 1500 cycles - journal had several 
wear bands and foil had several wear zones at 
the bumps in the loaded zone. 

Rated - unsuccessful. 

0.04 

(1.7) 

0.38 

(15) 

500 eye. each at RT, HT and IT-Foil polished 
uniformly. Journal unchanged. After next 1500 
cycles-silvcr smeared into bands on foil and 
some graphlte-CdO came off in the bands. Jour- 
nal lightly coated with silver corresponding to 
silver bands on foil. Rated - unsuccessful. 








TABLE IV. 3 (cont’d) 













Surface Roughness 





Haxlmtim 



Friction Coefficient 


of Journal 





Test 



After 

After 

After 

After 

After 

ura (uln.) 


Test. 

Coating 

Foil and 

Temp. 


At 

499 

999 

1499 

5999 

9000 

Before 

After 

Comments 

No. 

Combination 

Journal Coatings 

•c CF) 


Start 

Cycles 

Cycles 

Cycles 

Cycles 

Cycles 




11* 

lb 

Air sprayed CdO- 

■I 

S 

0,16 

0,18 


0.12 

0.23 

0.26 



1000 cycles each at HT, IT and RT - Foil 



Graphlte-Agt 











polished. Journal unchanged. After 6000 



versus Det. Gun 



0.33 

0.44 

0.44 

0.44 

0.44 

0.63 

0.11 

0.13 

cycles, foil coating worn slightly with two 



CrjC2 


1 

0.3 

0.37 

0.3 

0.3 

0.44 

0.60 

(4.5) 

(5) 

bands on edges. After 9000 cycles. Journal 
smooth and shiny. Foil worn some over bumps 
In the loaded zone. Rated - successful. 

12** 

11 

Kaman DES 


s 

0.22 








500 cycles each at HT, IT, Journal polished. 



versus 

650 










Foil coating worn considerably over bumps 



Raman SCA 

(1200) 

D 

o;8i 

0.89 

1.0 




0.81 

0.30 

and over edges. Rated - unsuccessful. 












(23) 

(12) 







0,44 













g 

RT 


1.0 












0,81 

(650) 









13** 

5 

Preoxldlzed 


S 

0.22 








500 cycles each at HT, IT, RT - Journal 



versus Plasma 

540 


0.96 

0.96 

0.96 

0.81 



1.07 

0.46 

polished. Silver transferred to foil. 



sprayed NASA 

(1000) 


mSm 


Friction too high. After next 1500 cycles. 



PS120 



0.37 








lot of transfer of silver on foil. Journal 






(RT) 


0.81 

0.74 

0.89 


(42) 

(18) 

diameter loss 18 ura (0.7 rail). Bearing 






0.81 

(540) 


(3000) 


running rough. Rated - unsuccessful. 





14** 

6 

Preoxldlzed 


s 

0.23 








50 cycles at HT-Graphlte disappeared result- 



versus Plasma 

540 

n 

0.51 

0.89 

0.89 

0.89 

1.0 

0.89 

0.91 

0.36 

ing In high friction, friction too high. 



sprayed NASA 
PS120 with 

(1000) 

K 

0,26 

0.89 

(3000) 

0.89 

(4500) 

0.89 

(36) 

Before Cd 

(14) 

10- 

500 cycles each at HT, IT, and RT- Journal 
polished. Silver transferred on foil. After 



CdO“Graphlte 

Topcoat 


1 



(3000) 

(4500) 

Graphite 

Coating 

next 1500 cycles - more silver transferred on 
the foil. Journal diameter loss - 10 ura (0.4 
rail). After 4500 cycles-foll in loaded rone 
coated with Ag, Journal diameter loss-20 pra 
(0.8 nil) Squeal during running. Stick slip 
seen In kinetic friction reading. 

Rated - unsuccessful. 




































TABLE IV. 3 (cont'd) 


1 

Coating 

Combination 

Foil and 

Journal Coatings 

Maximum 
Test 
Temp. 
•C CF) 

Friction Coefficient 

Surface Roughness 
of Journal 
pm (pin.) 

Comments 

At 

Start 

After 

499 

Cycles 

After 

999 

Cycles 

After 

1499 

Cycles 

After 

5999 

Cycles 

After 

9000 

Cycles 

Before 

After 

15*^ 

7 

Preoxidized 


S 0.20 






IM 


1000 cycles each at HT, RT, IT - Silver 



versus Plasma 

540 





0.96 

0.96 


0.28 

transferred on foil over bumps. Journal 



sprayed NASA 

(1000) 





(3000) 

(4500) 


(11) 

polished and . diameter under 8 pm (.3 mil)'. 



PS122 


K 0.22 


0.78 

0.85 

0.89 

0.89 



Friction too high. After next 1500 cycles, 





RT 




(3000) 

(4500) 



foil coated with Ag over bumps in loaded 





0.74 








zone. Journal under 10 pm (0.4 mil). 





(540 








Rated - unsuccessful. 

26 

8 

Preoxidized 


S 0.18 


0.83 






500 cycles at HT, and 100 cycles at RT 



versus Plasma 




(600) 






Journal coating became smoother somewhat. 



sprayed Zr 02 - 

650 



1.04 




1.52 

1.14 

Bearing running very rough test stopped. 



CaF2 

(1200) 



(600) 




(60) 

(45) 

Rated - unsuccessful. 





K 0.59 

0.81 

1.0 













(600) 







9** 

20 

Fused 61. 5Z PbO- 

260 

c n “J1 


0 43 




0.46 

0.86 

Kinetic friction was too high at high temp- 



3.5Z S102-25Z- 

(500) 







(18) 

(34) 

erature. Test temperature lowered to 260*C 



Ag**10Z F6304 


D 0.67 

0.74 

0.74 






After 500 cycles each at HT and IT - foil 



versus 










had some wear on outer edges. Journal pol- 



preoxidized 










ished. Bearing ran rough at starting, ran 













snK)oth at maxim urn speed. Rated - unsuccessful. 

10*' 

21 

Freoxidlzed 

260 

S 0.22 


0.60 




0.28 

0.46 

Test temperature lowered to reduce friction. 



versus fused 

(500) 







(11) 

(18) 

After 500 cycles each at HT and IT Journal 



71Z PbO, 4Z 


D 0.96 

0,89 

0.89 






uniformly worn. Foil had polished marks at 



SIO 2 , 25Z Ag 


K 0.191 

i 

S 

0,81 

0.81 






edges. Rated - unsuccessful. 

17* 

20 

Fused 75. 8Z PbO, 


D 

K 

S 0.25 








50 cycles at HT-frlctlon went up after 20 



4.2Z SIO 2 , lOZ 

260 


1.03 





0.23 

0.33 

cycles. Coating probably melted and in- 



Ag, lOZ FejOA 

(500) 

D 0.09 

(50) 





(9) 

(13) 

creased friction. Bearing running unstable. 



versus 


K 0.15 

1.03 







Bearing surfaces unchanged. 



Preoxidized 


' 

(50) 







Rated - unsuccessful. 





















TABLE IV. 3 (contM) 













Surface Roughness 





Maximum 



Friction Coefficient 


of Journal 





Test 



After 

After 

After 

After 

After 

urn (gin.) 


Test 

Coating 

Foil and 

Temp. 


At 

499 

999 

1499 

5999 

9000 

Before 

After 

Comments 

No. 

Comli Inatlon 

Journal Coatings 

•c rv) 


Start 

Cycles 

Cycles 

Cycles 

Cycles 

Cycles 




00 

* 

* 

21 

Preoxldlzed 

mm 

S 

0.22 

0.70 





0.51 


100 cycles at HT-frlctlon went up con- 



versus Fused 

wm 



(100) 





(20) 


slderably after 60 cycles. Bearing running 



85. 2Z PbO, A.8Z 



0.15 

1.03 







unstable. Similar results obtained at 244*C 



SIO 2 , lOZ Ag 



(100) 







(400®F) , Rated - unsuccessful. 





K 

0.15 

1.03 

(100) 








21** 

20 

Fused 85.52 PbO, 


S 

0.24 

0.84 





0.33 

0.41 

150 cycles at HT-Foll surfaces unchanged. 



4.52 SIO 2 , 102 




(150) 





03) 

(16) 

Friction too high through the test. Coat- 



Fe 304 versus 

370 

D 

0.88 

0.88 







Ing melted and was sticking to the journal 



Preoxldlzed 

(700) 


(150) 







Rated - unsuccessful. 





K 

0.88 

0.88 

(150) 








16** 

19 

Fused CaF 2 -BaF 2 - 


S 

0.28 

0.50 







100 cycles at HT-journal and foil both badly 



Ag (OSF-5) 




(100) 







scored. Wear debris did not permit bearing 



versus 

650 

n 

0.80 

1.03 





0.23 

1.78 

liftoff. Friction too high. 



Preoxldlzed 

(1200) 

U 

(100) 





(9) 

(70) 

Rated - unsuccessful. 





K 

0.59 

1.03 

(ion) 








6^* 

12a 

Sputtered Cr 203 

650 

S 

0.19 





0.28 



500 cycles each at HT, IT and RT - 



(Run #29) versus 

(1200) 


0.26 

0.22 

0.45 




0.046 

0.56 

polishing of foil coating over bumps In 



Det. Cun Cr3C2 


D 

0.56 

0.45 

0.40 

(1.8) 

(22) 

the loaded zone. Journal had fine scrat- 
ches. After another 1500 cycles - journal 

0.26 

0.22 

0.45 





K 

0.56 

0.45 

0.40 



looks the same, foil had more polishing 
spots. After 9000 cycles - journal looks 

















the same. Foil had several wear spots in 
the center and at outer edges, but the 














spots were reoxldlzed. Rated - successful. 

19** 

12 

Sputtered Cr 203 
(Run 129) versus 
Det, Gun Cr3C2 

650 

(1200) 

S 

0,15 




0.27 

0.S8 

0.05 

0.38 

Repeat Test 2000 cycles each at HT. IT anH 
RT-coating slightly worn in bands in the 



0 

0.41 

0.41 

0.51 

0.56 

0.51 

0.71 

(2) 

(15) 

loaded zone, journal unchanged. After next 
3000 cycles more coating worn in the loaded 





K 

0.41 

0.41 

0.51 

0.56 


0.67 



zone and substrate reoxldlzed. 
Rated - successful. 


























TABLE IV. 3 (cont’d) 


Test 

No. 


Coating 

Conbination 


Foil and 

Journal Coatings 


Maxlmuni 

Test 

Temp. 

•C CF)| 








Surface Roughness 



Friction Coefficient 


of Journal 

/..i \ 



After 

499 

After 

999 

After 

1499 

After 

After 


ii&ii. / 


At 

5999 

9000 

Before 

After 

Comments 

Start 

Cycles 

Cycles 

Cycles 

Cycles 

Cycles 




0.12 



0.37 

0.6 

■ 



500 cycles each at HT, IT and RT - foil had 




(3000) 

■ 

0.046 

0.61 

three bands of deep polishing in loaded zone. 
Journal evenly polished. After 3000 cycles - 
; journal looks same. Foil had 4 wide and 



0.26 

0.40 

0.40 

0.40 

0.52 

(3000) 

■ 

(1.8) 

(24) 

several small wear bands. Rated * marginal. 




0.40 

0.44 





0.26 

0.26 


(3000) 

1 




0.13 



0.78 


1 



500 cycles each at HT, IT, and RT - foil 

0.44 

0.74 

0.88 



0.13 

0.20 

coating worn significantly in the loaded 

0.50 



(5) 

(8) 

zone. Journal looks the same. 

0.48 

0.37 


0.88 


1 


Rated - unsuccessful. 

0.08 




0.72 

■ 



500 cycles each at HT, IT, ki journal un- 





(3000) 




changed. Foil worn some over bumps in 

0.41 

0.50 


0.81 

0.81 


0.05 

0.31 

loaded zone. After next 1500 cycles - 


(3000) 1 


(2) 

(12) 

Journal O.K. Foil worn in the loaded zone. 

0.41 



0.81 

0.81 




Some scratched in worn area. 



(3000) 




Raced - marginal. 

0.19 

0.51 

i 


0.70 

0.72 

(3000) 

0.81 

(3000) 


0.076 

(3) 

1.02 

(40) 

500 cycles each at HT, IT, and RT - foil 
coating polished, journal coating deeply 
polished. After next 1500 cycles-coatlngs 
on foil polished over bumps, journal coating 
worn. Raced - unsuccessful. 

0.44 

3.59 


0.70 

0.81 

(3000) 






7** 


12b 


22^ 


13 


0 

VO 

1 


20 


24* 


A 


13 


15 


Sputtered Ni-Cr- 
Cr203 (Run J30) 
versus Det. Gun 
Cr3C2 


Sputtered Nl-Cr- 
Cr203 (Run #47) 
versus Det. Cun 

Cr3C2 


Sputtered Nl-Cr- 
CT2O3 with Nl-Cr 
undercoat (Run 
140) versus 
Det. Gun Cr3C2 

Sputtered Cr203 
(Run #50) versus 
Sputtered Cr203 
(Run #54) 


650 

( 1200 ) 


650 

( 1200 ) 


650 

( 1200 ) 


650 

( 1200 ) 


* Test cycle sequence - 500 RT, 500 HT, 500 IT, repeated 
**Test cycle sequence - 500 HT, 500 IT, 500 RT, repeated 
t - 1800T/1 hour/AC polished + 1325/16 hours/AC 
tt - 1600*F/4 hours/AC + 1300*F/20 hours/AC 


1 > Static breakaway at RT 

2 - Dynamic breakaway at test temperature 

3 - Kinetic at test temperature 

















CdO-GRAPHITE ON FOIL 


CdO-GRAPHITE-Ag ON FOIL 


Photographs ot Surfaces After Test 
for 3000 Cycles Each at 427“C, 
Intermediate Temperature and Room 
Tem]>erature 

(a. Test No, 2, b. Test No. II) 
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on foil versus hard journal has worked well, CdO-graphite 

against itself failed catastrophically. 

In a parallel work done by Heshmat and Bhushan [4.1], CdO-graphite coatings 
when applied on both journal and the foil worked satisfactorily when tested 
at 274®C. This probably means that CdO-graphite versus itself is a good 
lubricant system if tested below 427®C so that some Interface temperature 
increase due to decreased coupled thermal conductivity does not exceed the 
temperature limit. 

In the next test (numbered 5), the CdO-graphite coating was applied on a 
coarse Metco P^^“Coated journal. After 3000 cycles, the foil and 

the journal coatings were worn (for photographs see Appendix F), The under- 
coating of the journal was selected to be porous so that graphite coating 
had better adhesion. However, when graphite wore it exposed the sharp 
^^^3^2 which damaged the foil surface which led to coating failure. 

A smoother undercoating of Cr^C^ is recommended for future tests. 

Next test (numbered 3, Table IV. 3) was conducted with CdO-graphite-Ag coat- 
ing (HL-800-2) on foil versus detonation gun Cr^C^ coating on the journal. 

Ag used in the coating preparation had a particle size of 230 mesh. After 
1500 cycles, foil was polished and more silver was exposed on the surface. 
After another 1500 cycles, the silver was collected in pockets and most of 
the graphite came off and a lot of Ag collected in bands in the loaded zone. 
The journal was lightly coated with Ag where silver bands on foil were rid- 
ing. The test was stopped after 3000 cycles (for photographs see Appendix 
F). The silver particles were rather large (0.062 mm max.). It was there- 
fore considerexl worthwhile to examine the effect of reducing the particle 
size. 

New CdO-graphite-Ag coatings were made using very fine silver particles 
having a particle size of 1 to 5 microns. This coating on foil was tested 
against det. gun Cr 2 C 2 on the journal (numbered 5, Table IV. 3). After 
3000 cycles, the coating was lightly polished and not worn at all. After 
an additional 3000 cycles, the foil coating was worn slightly with two wear 
bands on the outer edges. After 9000 cycles, the journal was smooth and 
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shiny (shiny because of the light silver transfer) and the foil was worn over 
bumps in the loaded zone. In the last 3000 cycles (from 6000 to 9000), the 
friction went up due to some bare spots on the foil. The photographs of the 
surfaces after the test are shown in Figure IV. 13 and the Talysurf traces of 
journal surfaces before and after the test are shown in Figure IV. 14. 

Comparing this test (numbered 11) with CdO-Graphite coating test (numbered 
5), we find that the CdO-graphite coating with fine particle size Ag exper- 
ienced less wear than the coating without Ag. Therefore CdO-graphite-Ag is 
recommended for 427 °C maximum temperature applications. 

Kaman Coating : Kaman DES coating versus itself had completed 1000 cycles at 

540°C, 1000 cycles at 650°C, and 2000 cycles at room temperature in the pre- 
vious program [1.2]. Endurance testing of this coating combination was plan- 
ned in the present program. After 500 cycles each at HT (650®C) , IT and RT, 
the journal and the foil had substantial wear. The surface roughness of the 
coated journal in this program was 1.22 ym (48 yin.) CLA and in the previous 
program it was only 0.28 ym (11 yin.) CLA. It is believed that poor perform- 
ance was due to the rough journal coating. All Kaman DES and SCA journals 
then were returned to the vendor for reprocessing. 

As mentioned in Section III, adequate surface finish could not be provided 
by the vendor on the DES journals. The only acceptable (marginally) journal 
was SCA. The journal was very rough and was considered marginal for an 
air bearing application because previous experience has shown that air 
film thickness and load capacity is reduced in a porous journal. This 
coating was tested against Kaman DES on foil (Test No. 12, Table IV. 3). 

The friction of the coating was low at room temperature, but it rose to 
a very high value (0.81) at maximum temperature. After 1000 cycles, the 
foil coating was worn considerably and the wear particles filled up the 
journal surface making it smooth during testing. Due to excessive wear 
the test was discontinued. The photographs of bearing surfaces after 
the test are shown in Figure IV. 15a. As Indicated in section III, 

DES and SCA coating on the foil was unacceptable and the combinations 
number 10 in Table II. 4 was dropped. 
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BEFORE TEST 


#79-2004 


(RANK 1 1 2/329) 


AFTER TEST 


CLA = 0.13'Mm (5v'in.) 

VERTICAL MAG.: EACH SMALL DIV. = 0.13uiii 

HORIZONTAL MAG: EACH SMALL DIV. = 250um 


Fig. IV. 14 Talysurf Traee.s of Uet . Cun f'r-jt’M 
Coated .Icnjrnal Tested Against 
CdO-Graphi t e-Ag Coated Foil for 
3000 Cycles Each at 427''C, IT and 
RT (Test No. II) 
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PREOXIDIZED FOIL 


NASA PS12C + CdO-GRAPHITE ON JOURNAL 





NASA PS Coatings ; NASA PS120 on journal against uncoated foil was sue- 
cessfully tested for 1000 cycles at 540°C and for an additional 1000 
cycles at RT. This test was repeated here (Test No. 13, Table IV. 3). 

The Journal supplied in this program was quite a bit more porous, 1.07pm 
compared to 0.53pm in the previous program. At start, the kinetic fric- 
tion at room temperature was low, but it became high at the maximum temp- 
erature. The coefficient of friction was considered too high for the 
application. During the first 1500 cycles, silver from the journal coat- 
ing was transferred to the foil. In the next 1500 cycles, there was dia- 
metral loss of journal size of about 18pm (0.7 mil) (for photographs of 
surfaces after test Appendix F). This was considered unacceptable be- 
cause this would have a twofold effect. First it will open up the 
bearing clearance, resulting in a reduction in load capacity. Second, 
the hard wear particles in a full bearing would not eject easily and 
would act as an abrasive and do damage as seen in the case of Kaman DES 
versus itself in the previous program (see Bhushan et. al. [1.2] ). 

The next test (No. 14) consisted of the same PS120 coatings, except the 
journal had CdO-graphite coating over NASA PS120 coating. Graphite 
oxidized in the first 50 cycles at 540°C and the friction increased. Then 
the coating behaved the same as in the previous test (numbered 13) . After 
4500 cycles, the loss in the journal diameter was 20 pm (0.8 mil) which 
was considerable and the test was discontinued. The photographs of sur- 
faces after the test are shown in Figure IV. 15b. 

Next a test with preoxidized foil versus journal coated with NASA PS122 
(No. 15) was conducted. This coating was rough. The coefficient of fric- 
tion in this coating was also high and the journal was worn about 10pm 
(0.4 mil) after 4500 cycles. There was silver transfer to foil from the 
journal. Although the wear of the journal in this test is less than that 
in the previous test (No. 14) it is considered too high. The high friction 
aggrevates the situation. 

The next test (No. 26) consisted of plasma sprayed Zr02~CaF2 coating on 
the journal and preoxidized foil. The friction was high at 650°C after 
500 cycles. After another 100 eyeJes during cooling, the friction got 
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very high and the bearing started running very rough. The test was stopped 
after 600 cycles (for photographs of bearing surfaces after test see 
Appendix F) . 

PbO-SiO p -Ag-Fe ^O^ Coatings : Fused 61.5% PbO-3.5% Si02“25% Ag-10% Fe^O^ 
coating on foil was tested against preoxidized journal (No. 9). Kinetic 
friction initially went down with an increase in temperature up to roughly 
260°C and then it started to climb. During cooling, the friction did not 
change significantly (see Figure IV. 16). The initial decrease in friction 
has already been reported in the literature and it is probably due to melt- 
ing of PbO-SiO^. The later increase in the friction is surprising and it 
may be that silver contents stick at higher temperatures and results in the 
high friction. The test was conducted at 260^C because friction was lowest 
at this temperature. The bearing ran very rough and the test was stopped 
after 1000 cycles. In additional tests, silver contents were reduced to 
study its effect on friction. 

Fused 71% PbO-4% Si02”25% Ag on journal was tested against preoxidized foil. 
The test was run at 260°C maximum temperature where the friction was low- 
est. In the first cycle, the dynamic breakaway torque went up consider- 
ably. The bearing ran rough during starting. The journal was signifi- 
cantly though uniformly worn after 1000 cycles. The test was stopped. For 
photographs of the bearing surfaces after the test, see Appendix F. 

The next test consisted of 75.8% PbO-4. 2% Si02-10%Ag-10%Fe..0^^ coating (with re- 
duced Ag content) on foil versus preoxidized journal (Test No. 17). The 
kinetic friction was measured during heating. The friction was lowest 
(0.15) at 315°C (600°F), and at 370°C (700°F) it went up to 1.03. During 
cooling, friction stayed high (for plot see Figure IV. 17). The coating 
melted at 370°C and gdt stuck to the journal and damaged the surfaces. 

It was felt that since friction is low in the 260-315°C range, another 
test should be conducted with new surfaces. The test temperature was 
selected to be 260°C so that there is some margin for frictional heat- 
ing. The friction went up after only 20 cycles, and it was very high 
(kinetic - 1.03) after 50 cycles. The test was discontinued after 50 
cycles . 
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Fig. IV. 16 Kinetic Friction versus Temperature for Fused 

61.5% PbO-3.5% Si02“25% Ag-10% FegO^ on Foil and 
Preoxldlzed Journal (Test No. 9) 
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KINETIC COEFFICIENT OF FRICTION 


75.8% PbO, 4.2% Si02, 10% Ag, 10% Fg 304 ON FOIL 
^VS. PREOXIDIZED JOURNAL (TEST NO. 17) 

85.2% PbO, 4.8 Si02, 10% Ag ON JOURNAL VS. 

PREOXIDIZED FOIL (TEST NO. 18) 



AMBIENT TEMPERATURE, °C 


Fig. IV. 17 Kinetic Coefficient of Friction versus Ambient 
Temperature for Fused Pb0-Si02 Coating System 
with Additives 
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In the next test (No. 18) - 85.2% PbO-4.8% Si 02 ~ 10 % Ag coating 

versus preoxidized foil were tested. The test was conducted at 260°C 
(500°F) . The kinetic friction initially was low and it remained so up 
to 60 cycles; then it rose to 1.03 after 100 cycles. The test was dis- 
continued after 100 cycles. 

It was believed that the coating had a low melting point. A phase dia- 
gram of Pb-Ag shows thbt its eutectic melts at 304°C. To the investi- 
gator's knowledge, no PbO-Ag phase diagram is available. From the' 
experimental data, it seems that PbO-Ag reduces to Pb-Ag system or forms 
a eutectic which melts at almost the same temperature as Pb-Ag. In that 
case, the Ag addition would not be too beneficial. 

A test of 85.5% PbO-4.5% Si 02 ~ 10 % ^^ 30 ^ with no Ag addition was planned 
next to reproduce some of the work done in pin on disk studies at NASA- 
Lewis in the late fifties [2.23]. The kinetic friction went down with 
temperature Increasing from 25”C up to 315“C, then it rose at 371“C (see 
Figure IV. 17). The test was conducted at 371®C. The coefficient of 
friction was high at running, and the test was stopped after 150 cycles. 

This coating has worked in a rigid bearing application, but does not work 
in compliant foil bearings. It is felt that due to localized melting, the 
thin foil is distorted and makes the bearing run rough. 

CaF 2 ~BaF 2 -Ag Coating ; Fused CaF 2 -BaF 2 ~Ag (OSF- 6 ) coating on the foil versus 
preoxidized journal (Test No. 16i) was tested at 650^C. The kinetic friction 
rose to 0.8 in only the first four cycles and kept going up to 1.03 after 
100 cycles. There was wear debris collected at the interface which did not 
permit the bearing to liftoff. After 100 cycles, the journal had deep 
grooves and the foil was deeply worn. The test was discontinued after 100 
cycles . 

Cr 203 Based Sputtered Coatings: Optimized Cr 20 ^ coating on the foil was 

tested against detonation gun Cr 2 C 2 coating on journal (Test No. ©. Ihe friction 
at the maximum test temperature (650°C) was lower than that at RT through 
the cycle (see Figure IV. 18). It is noted that in all previous tests, the 
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KINETIC FRICTION COEFFICIENT 



Fig. IV. 18 Kinetic Friction Coefficient at Test Temperature 

versus Number of Cycles for Cr 203 sp. on Foil versus 
Det. Gun Cr3C£ on Journal (Test No. 6) 
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friction was not dependent on the temperature. The coating combination suc- 
cessfully completed the test sequence. The wear of the sputtered coating 
was very low and the friction was fairly repeatable with the temperature. 

The photographs of bearing surfaces after the test and Talysuf traces of 
the journal before and after tests are shown in Figures IV. 19 and IV. 20, 
respectively. A representative visicorder trace showing the friction 
versus time at the end of the test is shown in Figure IV. 21. A repeat 
test (No. 19) was conducted and the coating again completed the test 
sequence. The friction in this test was higher than the previous test, 
but the friction versus temperature trend was the same. 

Next, Ni-Cr-Cr202 coating on foil was tested against detonation gun 
^^3^2* coating combination did not perform so well. The coatings 

were worn after 3000 cycles. 

Next Ni-Cr-Cr^O^ was applied thinner at lower chamber pressure (Trial 
No. 47, Table III. 3) and it was tested against Cr^C^ (Test No. 22). 

After 1500 cycles, the foil coating was worn in the loaded zone and 
the test was stopped. For photographs of surfaces after the test, see 
Figure IV. 22. 

Test No. 20 consisted of sputtered Ni-Cr-Cr202 with Ni-Cr undercoat on 
annealed foil (then heat treated) versus detonation gun 

coating ran well initially, then the friction increased. After 3000 cycles, 
the foil was worn in the loaded zone. It is believed that the Ni-Cr-Cr202 
coating (top layer) may have become slightly soft due to the high content 
of Ni-Cr. In a future program, the coating with the reduced amount of 
Ni-Cr or other metallic binders, e.g. , cobalt, should be tried; and since 
this concept has a potential, the coating is rated marginal. The photo- 
graphs of the surfaces after the tests are shown in Figure IV. 22. It should 
be noted that we have demonstrated in Section III that nichrome improves 
the ductility of the coating which is very much needed. Once an optimum 
mix of metallic binder is available and further parametric study is done, 
it should behave better than straight Cr 20 ^. 
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Fig. IV. 19 Photographs of Surfaces After Test 
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(Test 6) 





BEFORE TEST 

CLA = 0.0 46 um (1.8 yin.) 


VERTICAL MAG.: EACH SMALL DIV. = O.OSyin 


AFTER TEST 


0.56ym (22yin.) 
EACH SMALL DIV. 
EACH SMALL DIV 


CLA 

VERTICAL MAG. 
HORIZONTAL MAG. 







START OF MOTOR 

CYCLE TURNED OFF 


END OF CYCLE 




COEFF. OF 




FRICTIONAL TORQUE 


3RQUE /I 

0 nw wt00i im r 


FRICTION = 0.40 
0 


Fig. IV. 21 Visicorder Trace of Coating Combination Sputtered Cr203 on 
Foil versus Det. Gun Cr3C2 on Journal after Test for 9000 
Cycles with 3000 Cycles each at 650®C, IT and RT (Test No. 6 ) 
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The next test (No. 24) consisted of sputtered ^^ 2^3 journal and on 

the foil. The journal coating was significantly worn after 3000 cycles. 

The test was discontinued. This test was repeated (No. 25) and the same 
results were obtained. Adhesion tests and crude abrasion tests on the 
journal coating indicated the coating was well bonded. This lack of coat- 
ing life could be due to the following variations from the foil coating: 

(a) the journal could not be pre-cleaned because a rotating fped through 
is not capable of sputter-etching in our system, (b) substrate has been 
changed to A286, and (c) the A286 journal has to be heat treated at 980®C; 
this temperature is too high for the coating because it can build up some 
scaling. Therefore, the journal was coated after it had been heat treated. 
Note that the best results were obtained with Inconel foil coated in the 
annealed condition, (d) the spacing between the top of the journal and the 
target had to be changed to 50.8 mm from 41.3 mm (for Inco foil work) due 
to machine limitations. 

Partial Arc Bearing Tests at 35kPa (5 psi) Loading 

The most promising coating combinations at 14kPa loading were: sputtered 

^^2^3 detonation gun Cr^C^ (Test No. 6 ) and air sprayed CdO-graph- 

ite-Ag versus detonation gun Cr^C^ (Test No. 11). These coating combina- 
tions were further tested at 35kPa (5 psi) loading. The test results are 
shown in Table IV. 4. Initially, the coatings were tested at 14kPa for 100 
cycles, then the load was increased to 35kPa. 

After 3000 cycles, the sputtered Cr^O^ coating on the foil in (Test No. 23) 
was significantly worn and the journal coating was unchanged. The friction 
was up high and the test was discontinued. The photographs of bearing 
surfaces after the test are shown in Figure IV. 23. It is concluded that 
the coating combination can function a maximum of 3000 start/stops and fur- 
ther development is needed for improved life. 

After 500 cycles each at RT, HT, and IT, the CdO-graphite-Ag coating on 
the foil (Test No. 27) was worn in the loaded zone and the journal was 
polished and shiny. The friction coefficient also went up about 35%. 

After the next 1500 cycles, the initial foil coating was completely worn 
in the loaded zone but had a light transfer of lubricant film. The journal 
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TABLE IV. 4 


START-STOP TEST RESULTS OF COATING COMBINATIONS 
Partial Arc Bearings 

Load = 34.5 kPa (5 psi) Based on Bearing Projected Area 


Test 

No. 

Foil and 
Journal 
Coatings 

Max. 

Test 

Temp. 

Friction Coefficient 

Surface 

Roughness of Journal 
urn (gin.) 

Comments 

At 

Start 

After 

499 

Cycles 

After 

999 

Cycles 

After 

1499 

Cycles 

After 

2999 

Cycles 

After 

4500 

Cycles 

Before 

After 

■ 

Sputtered 
Cr 203 (Run 
//50) versus 
Det. Gun 
Cr3C2 


0.19 

■ 

■ 

■ 

0.66 


0.13 

(5) 

0.13 

(3) 

500 cycles each at HT, IT, and RT-coatlng on 
foil worn over bumps in loaded zone. After 
next 1500 cycles coating on foil worn signifi- 
cantly in the loaded zone, journal unchanged. 
Rated -• Marginal. 

0.49 

0.59 

0.86 

0.98 

0.95 


0.42 

0.50 


0.95 

0.95 


27* ** 

Air sprayed 
CdO-gra- 
phlte-Agt 
versus Det. 
Gun Cr^C^ 

427 

(800) 

S 0.19 



0.27 

0.41 

0.41 


1 

500 cycles each at RT, HT and IT- journal 
polished and shiny, foil worn in the loaded 
zone. After next 1500 cycles-inltlal^ coating 
completely worn in the loaded zone, but had 
coating transfer, journal same. After 4500 
cycles - foil coating completely worn. 

Rated - Marginal. 

D 0.29 

0.35 

0.38 

0.38 

0.50 

0.71 

K 0.29 

0.35 

0.41 

0.41 

0.47 

0.80 


* Test Cycle Sequence - 500 RT, 500 HT, 500 IT, repeated 

**Test Cycle Sequence - 500 HT, 500 IT, 500 RT, repeated 
t This run was made with fine silver powder. 


1 - Static Breakaway at RT 

2 - Dynamic Breakaway at Test Temperature 

3 - Kinetic at Test Temperature 
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was unchanged. The coefficient of friction went up indicating loss of 
lubricant film. It was believed that this was the end of the useful life 
of the coating. However, the tests were continued to determine the limit 
of the coating. In another 1500 cycles, the foil coating was completely 
worn and the journal looked the same. The friction coefficient went up 
drastically by more than a factor of two. The test was discontinued after 
4500 cycles. The photographs of the bearing surfaces after the test are 
shown in Figure IV. 23. It is concluded that the CdO-graphite-Ag coating 
has a useful life of 3000 start/stops. 

Full Bearing Tests at 14kPa (2 psi) Loading 

The successful coating combination, sputtered Cr^O^ versus detonation gun 
^^3^2’ tested in a full bearing to examine if wear debris would give any 

problem because ejection of wear debris is more difficult from full bearings 
than from partial arc bearing. This combination was tested in a full bearing 
with hot air flowing through it. The results are reported in Table IV. 5. 
After 3000 cycles, the bearing was taken apart and there was polishing over 
the bumps on the outer edges. No worn spots were apparent. After a total 
of 9000 start/stops, the foil coating was polished over bumps and a few 
spots were worn. The journal coating was unchanged. The photographs of the 
bearing surfaces after the test are shown in Figure IV. 24. The friction 
again was low at HT and high at a low temperature. The curve for friction 
versus cycles is shown in Figure IV. 25. 

Worn spots could be detected by measuring the resistance across the foil. 
Since the coating is an insulator, the coating area measures “ resis- 
tance and worn area would have a very low number. If a thin layer of 
coating is present, it will measure a moderate value of resistance. 

After a successful test at 650°C, a question was raised if the coating 
would work as well at a maximum temperature of 427^C which possibly may 
be the maximum temperature in some engines instead of 650°C. A test was 
conducted to measure friction at RT to 650°C in number of steps. The 
data are plotted in Figure IV. 26. The friction at 427°C is not signi- 
ficantly higher than that at 650°C; and it was believed that the bearing 
should perform reasonably well in tests at a maximum temperature of 427°C. 
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TABLE IV. 5 


START-STOP TEST RESULTS OF COATING COMBINATIONS 
Full Bearings 

Load = 14 kPa (2 psi) based on bearing projected area 


Test 

No. 

Foil and 
Journal 
Coatings 

Max. 

Test 

Temp. 

^CCT) 

Friction Coefficient 

Surface 

Roughness of Journal 
urn (uln.) 

Comments 

— 

At 

Start 

After 

499 

Cycles 

After 

999 

Cycles 

After 

1499 

Cycles 

After 

5999 

Cycles 

After 

9000 

Cycles 

Before 

After 

28** 

Sputtered 
Cr 203 (Run 
//31) versus 
Det. Gun 
Cr3C2 

650 

(1200) 

0.22 





0.88 

(0.051) 

(2) 

(0.076) 

(3) 

1000 cycles each at HT, IT and RT- coating 
polished over bumps on outer edges. After 
next 6000 cycles, coating deeply polished 
over bumps and few spots were completely 
worn. Journal polished slightly. 

Rated - successful 

0.37 

0.37 

0.59 

0.66 

0.88 

0.81 

0.37 

0.37 

0.59 

0.66 

0.88 

0.81 

29** 

1 

i 

Sputtered 
Cr 203 (Run 
//55) versus 
Det. Gun 
Cr3C2 


S 0.24 

■ 

■ 


■ 

0.92 

(0.102) 

(4) 

(0.127) 

(5) 

3000 cycles each at HT, IT and RT- coating 
polished over about eight bumps only part 
of the way. Journal virtually unchanged. 

Rated - successful 

D 0.41 

0.41 

0.59 

0.77 

0.77 

0.81 

K 0.41 

0.41 

0.59 

0.77 

0.77 

0.81 


**Test Cycle Sequence - 500 HT, 500 IT, 500 RT, repeated 

1 - Static Breakaway at RT 

2 - Dynamic Breakaway at Test Temperature 

3 - Kinetic at Test Temperature 
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Fig. IV. 25 Kinetic Friction at Test Temperature versus Number of 
Cycles for Cr 203 Sputtered on Foil versus Det. Gun 
Cr3C2 on Journal (full bearing tests - test No. 28) 


KINETIC COEFFICIENT OF FRICTION 


1.0 



I I I 1 1 

0 200 400 600 800 

TEMPERATURE, °C 


Fig. IV. 26 Kinetic Friction versus Temperature for Cr 203 (sp.) 

Coating on Foil versus Det. Gun Cr3C2 on Journal 
(Test No. 28) 
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The next test was conducted at 427^C IT and RT, and the results are shown 
in Table IV, 5. The coating wear and polishing in this case was less than 
that of Test No. 28 at 650°C. The photographs of the bearing surfaces 
after the test are shown in Figure IV. 24. The coating successfully com- 
pleted 9000 start/stops and this could have experienced many more cycles 
since the friction pattern was unchanged during testing (Figure IV. 27). 

HIGH SPEED RUB TESTS 

Shock Load-Acceleration Calibration 

The shock load-acceleration data were obtained at room temperature. An 
accelerometer was mounted underneath the pan close to the centre point. 

The load was applied when either the shaft was stationary or running at 
30,000 rpm with an air turbine drive. Load*acceleration data are presented in 
Table IV. 6. A shock up to 101 g could be generated. Representative 
acceleration- time pictures are shown in Figure IV. 28. The anticipated 
g*s level in the engine mounted in a vehicle is only six. 

Contact Measurement During Shock Loading 

Using the technique described earlier, the number of contacts between the 
bearing and the journal were measured during the shock test. An electrically- 
conductive coating combination CdO-graphite-Ag on the foil versus Linde 
^^3^2 journal was used. This technique was first used to measure 

the number of contacts during normal start/stops. Under a 14kPa (2 psi) 
loading, there were from 5000 to 30,000 counts or contacts* in each start/ 
stop when the cut off resistance was 12,000 Q. When the cut off resistance 
was changed to 1000 fi, there were only 2 to 4 contacts during each start/ 
stop cycle. It shows that the majority of the contacts are very minute and 
there are few severe rubs. 

A bearing running at 30,000 rpm under steady-state condition, started mak- 
ing microscopic contact under a normal load of 28kPa (4 psi) . At the load 
slightly above 28kPa, there were about 1000 contacts per second or two 
contacts/rev.olution (at cut-off resistance of 12,000 J2) . At cut-off 

*A contact was registered at an instance when the resistance between the 
bearing and the shaft changed from a value greater than the selected cut- 
off resistance to a value less than the cut-off resistance. 
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Fig. IV. 27 Kinetic Friction at Test Temperature versus Number of 
Cycles for Cr 203 (sp.) on Foil versus Det. Gun Cr3C2 
on Journal (Full Bearing Test No. 29) 
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TABLE IV. 6 


LOAD - ACCELERATION (g's) DATA FOR HIGH-SPEED RUB TEST APPARATUS 


Load N(lb) 

Height mm (in.) 

Stationary/Running 

g's 

4.5(1) 

25(1) 

Stationary 

5 



Running 

6 

4.5(1) 

50(2) 

Stationary 

12 



Running 

12 

13.4(3) 

25(1) 

Running 

15 

22.3(5) 

25(1) 

Stationary 

21 

22.3(5) 

50(2) 

Running 

27 

31.2(7) 

50(2) 

Running 

40 

40.1(9) 

50(2) 

Running 

45 

48.9(11) 

25(1) 

Running 

64 

48.9(11) 

50(2) 

Running 

101 
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resistance of 1000 Q, there were no contacts up to 55kPa (8 psi) tested. It 
shows that there probably would be no large contacts up to at least 55kPa 
(8 psi), but microscopic contacts occur under loads as low as 28kPa. These 
contacts result from vibration of the bearings and bearings having no hydro^ 
dynamic air pressure at the ends. In a real application, the bearing is 
rigid so fewer contacts are expected. 

Next the shock load was applied. It was found that 4.5N dropped from 25 mm 
height gaye about 40 to 100 contacts when the cut off resistance 
was 12,000 Cl. The number of contacts increased with increase in shock. If 
the cut off resistance was reduced to 1000 no contacts were observed 
even at 40. IN (9 lbs.) dropped from 50 mm height. Again it is observed 
that shock produces only microscopic contacts. Even the mildest shock pro - 
duces microscopic contacts . 

Test Procedure 

The shaft was run at 30,000 rpm and the bearing assembly was heated to the 
maximum temperature of the coating. The following load sequence was used; 
loading was stopped if the bearing did not perform satisfactorily. 

a. Impact the bearing against journal fifty times by dropping a 
4.5N(1 lb.) weight from a height of 25 mm (1 in.) against the 
elastomer on top of the vertical steel rod which is coupled to 
the bearing housing. 

b. Impact the bearing twenty times by dropping a 13. 4N (3 lb.) weight 
from a height of 25 mm (1 in.). 

c. Impact twenty times by dropping a 13. 4N (3 lb.) weight from a 
height of 50 mm (2 in.). 

d. Impact twenty times by dropping a 22. 3N (5 lb.) weight from a 
height of 50 mm (2 in.). 

e. Impact ten times by dropping a 31. 2N (7 lb.) weight from a height 
of 50 mm (2 in.) . 

f. Impact ten times by a 40. IN (9 lb.) weight from a height of 50 mm 
(2 in.). 
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g. Stop the test, cool the rig, and examine and photograph the bear- 
ing surfaces. 

h. Reassemble the bearing in the rig and run the bearing at room temp- 
erature at a shaft speed of 30,000 rpm to check the performance. 

i. Heat the test rig to the maximum temperature. 

j. Impact ten times by 48. 9N (11 lb.) weight from a height of 50 mm 
(2 in.) . 

k. Impact ten times by 48. 9N (11 lb.) weight from a height of 75 mm 
(3 in.). 

l. Stop the test, cool the rig, and examine and photograph the bear- 
ing surfaces. 

Severe shocks were repeated fewer times because an engine in practice would 
experience fewer of them. 

The anticipated g level in the engine mounted in a vehicle is 6 g, but the 
testing was performed up to a level of 100 g*s which corresponded to the 
eleven-pound load test (j). Bumps in the bump foil flattened at t-his load 
and further testing was stopped. 

Results and Discussions 

CdO— graphite-Ag on foil versus detonation gun Cr^C^ coating combination was 
tested at 427®C according to the load sequence presented earlier. The jour- 
nal was reground in house, therefore, it was slightly rougher than the ones 
supplied by the vendor. The bumps were flattened at step (j) - 48. 9N 
load X 50 mm so the testing was stopped. This represented a shock of 
about 100 g. The coating was very lightly polished over the bumps and 
there was minute wear over two bumps. No temperature increase during 
the shock was monitored by the thermocouple mounted in the bearing. The 
journal coating was virtually unchanged. The photographs of the bearing 
surfaces after the test and Talysurf traces of journal before and after 
the test are shown in Figures IV. 29 and IV. 30, respectively. The coat- 
ings were serviceable and would have taken higher levels of g. The re- 
sults are tabulated in Table IV. 7. 
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TABLE IV. 7 


HIGH SPEED RUB TEST DATA 
Full Bearings 

Steady State Load = 14 kPa (2 psi) 
Speed = 30,000 rpm 


Test 

No. 

Foil and 
Journal Coating 

Maximum 

Test 

Temp. 

Breakaway 

Friction 

Coefficient 

Surface Roughness 
of Journal 
ym (yin.) 

Results 

At 

Start 

At 

Stop 

Before 

After 

30 

Air Sprayed 
CdO-Graphite-Ag 
versus Det. Gun 

CrjCj 

427 

0.18 

0.20 

0.15 

(6) 

0.15 

(6) 

Completed test sequence with a maximum 
load of 49 N producing 100 g. There was 
no ambient temperature change during 
shocks. Some uniform polishing of foil 
coating over bumps. Coating serviceable. 
Rated - Successful. 

31 

Sputtered Cr 203 
(Run //56) 
versus Det. Gun 
Cr3C2 

650 

0.24 

0.78 

0.15 

(6) 

1 

Completed test sequence with a maximum 
load of 49N producing 100 g. Temperature 
increased during a shock of more than 
22. 3N X 50 mm; duration of temperature 
rise < 0.4s. Polishing of foil coating 
over bumps, some bare spots. Journal 
coating lightly worn. 

Rated - Successful. 





The next test (No. 31) consisted of sputtered on foil against de- 
tonation gun journal (Test No. 31, Table IV. 7). The test was 

again conducted up to step (j), i.e. 48. 9N X 50 mm. The bearing was 
taken apart after step (f), i.e., after loading by 40. IN X 50 mm. The 
foil coating had some polishing over the bumps, but there was no visible 
wear. 

After additional testing to step (j) (48. 9N X 50 mm), there was some wear 
of the foil coating, but most of the coating was virtually unchanged. The 
polishing of the bump in shock tests was much more pronounced than in start/ 
stop tests. Journal coating was worn and its surface became rougher. The 
photographs of the bearing surfaces after the test and Talysurf traces of 
the journal before and after tests are shown in Figures IV. 29 and IV. 31. 

During tests at a load of 22. 3N X 50 mm there was a temperature increase 
recorded of about 5^C during shock. The duration of the temperature rise 
was one count of instrument (it scans 2.5 times per second). At the max- 
imum shock of 48. 9N X 50 mm there was a temperature increase of about 20°C 
for one count of instrument. 

The coating would have taken more shocks since the bearing bumps did not 
deform. Both tests were rated very successful. 

VhyDoes 

The results obtained with chrome oxide coating that were sputtered on In- 
conel X-750 foil, rubbing against nickel-chrome (80-20) bonded chrome car- 
bide applied by detonation gun on A286 journal indicate that oxidation of 
the substrate, or of the coated surface or complex oxide formation, is also 
influencing the performance of the bearings. A characteristic pattern of 
friction versus temperature was obtained. Typical data Illustrating this 
pattern are shown in Figures IV. 18, IV. 25, IV. 26, and IV. 27. The results 
show that the lowest coefficients of friction (0. 3-0.4) were obtained at 
650°C. When the test was cooled to an intermediate temperature or to room 
ambient, there was marked rise in friction to values of 0.6 to 0.8. Each 
time the test temperature was cycled from hot to cold: this frictional 
pattern was repeated. 
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Similar results were reported by Peterson et. al. [4.2] in a study of the 
effect of temperature on the slow speed sliding behavior of certain metals 
and superalloys. Figure IV. 32, which was taken from this reference, shows 
the frictional characteristics on Inconel X (70% Ni, 15% Cr) sliding on 
Inconel X and nickel sliding on nickel at various temperatures- As the 
sliding specimens were heated, the coefficient of friction increased 
slightly to a maximum value of about 0.85. At a temperature of about 
704°C (1300°F) , the coefficient of friction suddenly decreased to about 
0.35. During the cooling cycle, the coefficient of friction remained low 
until a temperature of about 540^C (lOOO^F) has been reached. Below this 
temperature level, the friction increased rapidly to a value of about 0.8. 
Surface damage, in the form of numerous small welds, was also observed on 
the specimens that were run at the lower temperatures while the tests 
run at high temperature resulted in an oxidized area of contact that 
was smooth and polished. It should be noted that the temperature at 
which these frictional changes occurred were both load and time depend- 
ent. The use of lower loads or longer sliding times reduced the trans- 
ition temperature. For example, a 30-hour run at 540°C (lOOO^F) also 
resulted in low friction. 

There is substantial evidence to show that this effect of temperature 
on friction is due to the formation of oxide films on the sliding sur- 
faces. At low temperatures, the friction is characteristic of rubbing 
coating surfaces or bare metal sliding on bare metal in the case of 
coating failure. When a certain transition temperature is reached, 
where the oxide film (could be eutectic or other complex oxides) is be- 
ing replenished as rapidly as it is worn away, smooth sliding performance 
is obtained. 

Table IV. 8, which was taken from Peterson et. al. [4.2], shows the charac- 
teristic transition temperatures for several pure metals. When these 
metals are used as major alloying ingredients, various complex oxide films 
can be formed; some of which are even more effective than the single oxides 
[2.18]. Molybdenum, as an alloying element, is particularly effective since 
it forms soft protective molybdates with transition temperatures of about 
427°C (800°F). 


- 145 - 



COEFFICIENT OF FRICTION 


1.20 



Fig. IV. 32 Effect of Temperature on the Coefficient 

of Friction for Various Material Combinations 
during Material Cycling. Load, 1881g', velocity. 
0.0076 m.s"i 

793303 


- 146 - 



TABLE IV. 8 


TRANSITION TEMPERATURES AND TYPICAL COEFFICIENTS 
OF FRICTION FOR SOME PURE METALS 


Metal 

f<Tj.(“C) 

T^("C) 

f>Tj.(°C) 

Fe 

0.98 

38-93 

0.45 

Cu 

0.78-1.4 

204-260 

0.50-0.70 

Ni 

0.92 

650-760 

0.22 

Mo 

1.0 

427-482 

0.28 

Cr 

0.50-0.60 

427-593 

0.28-0,32 


- 147 - 













In the foil bearing material evaluations described in this report, the re- 
sults obtained with the sputtered chrome oxide coating also seem to be 
strongly influenced by oxidation effects. It should be noted that in these 
tests the coated specimens were preheated to 650^C (1200^F) before the first 
500 start/stop cycles at 650^C were run. Experience had show that pre- 
heating the specimens and running some start/stops at high temperature first 
generally had a very beneficial effect on performance. After this high 
temperature run, 500 start/stop cycles were run at an intermediate temper- 
ature and 500 cycles at room temperature. This temperature sequence was 
repeated until the required number of start/stop cycles had been achieved. 

One major advantage of running some cycles at high temperatures first 
is that oxidation of the bearing surfaces during testing replenishes 
oxide layers continuously (reactive replenishment) where the coating 
has failed. This may be especially important during the run-in period. 

The foil bearings are compliant and there would be some microscopic 
high spots in the bearing from manufacturing which would experience 
extremely high loads and, the coating would probably wear. Continuous 
high temperature oxidation would replenish the oxide layer and prevent 
any catastrophic coating failure. 

Since the sputtered chrome oxide was already in the most stable oxida- 
tion state, the oxidation that took place during heating (there is ad- 
ditional localized heating due to frictional energy) must have been 
oxidation of the substrate which in every case contained chrome and 
nickel as major alloying elements. These oxides probably diffused out 
into the coating. Even the detonation gun chrome carbide coating had 
a significant amount of chrome and nickel as the binder for the car- 
bide. There could also be either eutectic or other complex oxide form- 
ation from interaction of bearing surfaces at high temperatures, which 
generally has low friction. The sputtered chrome oxide coating must still 
have been functioning on the surfaces in spite of replenishment oxidation. 
If this coating had been removed, severe welding and surface damage would 
have taken place when the bearing was run at intermediate or low tempera- 
tures where the oxide film was not effective. Running a bare Inconel X-750 
foil against a bare A286 stainless journal would result in almost immediate 
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failure (see Test No. 4, Table IV. 3). It should be noted that Ni-Cr 
bonded beneficial ability to form surface oxides at high 

temperature (due to presence of Ni and Cr) and as well as providing a hard 
substrate (.^^^2 harder than 

The following tentative conclusions can be drawn from the results of these 
tests: 

a) Sputtered chrome oxide is effective in preventing damage to the 
surfaces of the foil bearings over a wide temperature range, 
from 20°C to 650®C. 

b) At 650°C, protective oxide films are formed, apparently by 
oxidation of the substrate alloys. These oxides significantly 
reduce the coefficient of friction. 

c) In spite of the oxidation that occurs at 650^C, the sputtered 
chrome oxide films continue to protect the surfaces at lower 
temperatures where the oxide films cannot be replenished after 
they have been worn away. 
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V> CONCLUSIONS AND RECOMMENDATIONS 


The niost promising coating 

combinations found in 

this program to withstand 

start-stop cycles in a 427° 

-650®C (800°-1200®F) environment for an air- 

lubricated compliant journal bearing, are listed 

below: 

Maximum Test 



Temperature 

Foil Coating 

Journal Coating 

t 

o 

n 

/-N 

0 

CdO-Graphite-Ag 

Det. Cun and Ground 

427 

(HL-800-2) 

Ili-Cr bonded Cr_C_ 

(800) 

8-10 pm thick 

faO-90 pm thick 


Sputtered Cr20^ 

Det. Gun and Ground 

650 

Ni-Cr-bonded Cr_C» 

(1200) 

1 pm thick 

60-90 pm thick 

and 

427 

(800) 


The combinations listed above have completed a total 9000 start-stop cycles 
(this represents useful engine life) each, consisting of 3000 cycles at the 
maximum test temperature, 3000 cycles at the intermediate temperature and 
3000 cycles at the room temperature at a normal load of lA kPa (2 psi) in 
partial arc bearing tests. Cr^O^ vs Cr^C^ coating combination was further 
successfully tested in full bearing tests to ensure that any wear debris 
generated would ^not give any problem. This coating combination has also 
been successfully tested for a total of 9000 start-stop cycles at a maximum 
test temperature of A27°C (800°F) . 

Both the coatings were also tested during start-stop cycles at a higher 
normal load of 35 hPa (5 psi) loading. The coatings were able to survive 
for 3000 start-stop cycles at this load. 

Finally both the coatings were tested under shock loading with the journal 
running at 30,000 rpm. Contact resistance measurement between the bearing 
and the rotating journal verified that each shock level provided micro- 
contacts during shock application. Both the coatings survived 100 g’s of 
impact and further testing was terminated because the foil bumps deformed 
at this loading level. It should be noted that the anticipated g level in 
the automotive gas turbine engine is six so we have far exceeded the 
requirements. 
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Hence the two coating combinations mentioned here can satisfy the functional 
requirements. 

SPECIFIC CONCLUSIONS 


Sputtered Cr ^O^ Coating 

This coating system was developed at Mil. We find that each coating sys- 
tem has to be optimized for best adherence. A parametric study provided 
an optimum pressure in the sputtering system, high power, and 

water-cooled substrate improve the coating adhesion and its smoothness. 

Bias coatings were not as adherent (had residual stress) as the sputter- 
deposited coatings. One reason could be the absence in bias coatings of 
naturally occurring oxide layer present in the interface which may be 
responsible for increased adhesion. The cleanliness of the substrate, 
target, and the system was extremely crucial. The hardness of the substrate 
had an influence on the coating adherence. Inconel X-750 foil coated in 
the annealed condition and heat treated provided the optimum adherence. 

X-ray diffraction analysis showed that the applied coating was Cr20|^» The 
optimum thickness of the coating was found' to be 1 ym. 

The optimized sputtering parameters for Cr202 coating in our sputtering 
system were the following: 

Water- 

Spacing Power Chamber Py- Bias Cooled Thickness 
(mm) (Watts) (microns) Sputter Substrate (ym) (yin.) 

41.3 390 6 No Yes 1.02 

(40) 

The adhesion strength (in tension) of this coating was more than 68.9 MPa 
(10 ksi). 

Sputtered Metallic Bonded and Multilayered ^^ 2 ^3 UQ^^i^Ss 

Ni-Cr bonded Cr^O^ was found to have improved ductility as indicated by the 
bend tests. The coating did not perform very well during start-stop tests. 
Scratch tests indicated that the scratch resistance due to metallic binder 
addition did not change. 
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More work is needed to optimize sputtering parameters, its constituents 
and the coating thickness. 

Sputtered Cr ^C^ Coating 

The coating applied using optimized parameters for ^'^ 2^3 highly stressed 
and additional work is needed. This demonstrates that parameters which were 
optimum for ^^^ 2^3 necessarily right for Cr^C^. 

CdO-Graphite-Ag (HL-800-2) Coating 

A very fine silver grade was needed to obtain a uniformly dispersed coating 
and fine silver would not pull off easily during burnishing and the sliding. 
The coating has performed very well when tested against det. gun 
the wear has been less than a coating of Cdo-graphite without silver. 

The CdO-graphite coating combination did not perform well when tested against 
itself at a maximum temperature of 427®C. However, elsewhere [4.1] it has 
been reported that coating performs better at 274°C when tested against it- 
self. The reason is that when the coating combination has the CdO-graphite on 
both members, coupled thermal conductivity goes down thereby increasing the 
interface temperature. At 274°C, the total surface temperature probably re- 
mains below the temperature limit of CdO-graphite ('^427®C). 

PbO-SiO p ^Ag Coatings 

The coating softens at a low temperature (/— 260°C) and thus is not suit^ 
able for the high temperature. 

NASA PS Coatings 

The coatings generally were quite porous. The high Friction during sliding 
and relatively low hardness of the coating was responsible for the poor 
result. 

Kaman DES Coating 

The coating received in this program was very rough and our experience 
indicates that the coatings in dry lubrication have to be smooth in order 
to work satisfactorily. 
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Evaporated TiC and HfN Coatings 

The coatings as applied were stressed, and means to reduce this were not 
too fruitful. The coatings also did not survive static oven tests at 5'40®C 
This temperature was high from an oxidation standpoint. ARE (activated 
reactive evaporation) technique is very attractive as it has high deposi- 
tion rates and thick coatings can be applied with little loss in adhesion. 

RECOMMENDATIONS FOR FUTURE RESEARCH 

The successful Cr^O^ should be tested at room temperature without testing 
at high temperature first as done here to determine its suitability for low 
temperature applications. More work is needed to develop parameters to 
successfully apply Cr^O^ coating on A286 journals. Constituents and quantity 
of the metallic binders (e. g. Ni— Cr, and Co) should be tried to develop an 
adherent coating with improved ductility and minimal loss in the hardness. 

Based on the work reported in References [4.2] and [2.18], any combination 
of foil and journal materials which contained molybdenum as a major alloy- 
ing ingredient would provide low friction over a wider temperature range. 

For example, if the Inconel X-750 foil was coated with sputtered chrome 
oxide and was run against a molybdenum bonded chrome carbide coating on 
the journal (instead of the nickel chrome bonded chrome carbide) , then 
low friction values should persist over the range from about 370°C (700^F) 
to 650°C (1200°F). However, oxidation of the molybdenum at 650°C (1200^F) 
might be so rapid that the coating on the journal would have a relatively 
short life. 

Further work is needed to optimize parameters including thickness of each 
layer for multi-layered coatings. A soft lubricant, e. g. M 0 S 2 may be 
tried as a top layer to provide some lubrication during the run-in period. 

Further improvement of CdO-Graphite-Ag coating may be accomplished by trying 
different graphite grades (e. g. synthetic or natural), by varying coating 
variables (thickness, density mixtures, etc.) and by changing surface prepara- 
tion. 
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More work on process optimization on the unsuccessful candidates is needed 
to improve further their performance. In particular, CaF^ based coatings 
(e.g., PS120) should be further optimized in order to reduce their porosity 
and improve hardness. A list of coatings and process variables for future 
development is shown in Table V-1. 
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TABLE V.l 


SELECTION OF COATING SYSTEMS AND PROCESS VARIABLES FOR FUTURE DEVELOPMENT 


Coating System Development Source 

1. Sputtered Chrome Oxide MTI 


Composition and Process Variables 

• Make following changes: Metallic binder, Co or 

Ni-Cr mixtures to improve ductility of the coating 
and to better match the thermal expansion; inter- 
layer to improve adhesion; and overlay of M 0 S 2 or 
gold to provide run-in lubricant. 


2. Sputtered Chrome 
Carb ide 


MTI 


3. Based Coatings 


NASA 


4 . CdO-Craphite-Ag 


MTI 


• Same as above 

• Optimize following parameters: Power level/gas 

pressure/substrate bias/target precleaning/sub- 
strate etching/ preoxidation . 

• Develop compositions of plasma sprayed fluoride 
coatings. 

• Add self lubricating materials to reduce friction. 

• Develop techniques to reduce porosity. 

• Surface preparation. 

• Try other graphite grades. 


# 


5 . Commercial Coat ings 


Vendor 


Develop coatings tailored to the application. 
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APPENDIX A 


METALLURGICAL ANALYSES OF RF-SPUTTERED CHROME OXIDE COATING 
AES ANALYSIS OF SELECTED SAMPLES 

Auger electron spectroscopy (AES) was conducted on a number of specimens. 
All of the spectra were taken with a primary electron beam energy of 2500 
volts, and a beam current of lOy amp. The analyzer modulation was at 
16,000 Hz, 3 volts peak to peak. This technique measures the surface 
layer only 3 to 4 atomic layers (5 to 6 A thick). During analysis, the 
coating was ion bombarded (sputtered) away, and the measurement of what 
was remaining on the substrate was made. Surface composition measurements 
of the Cr^O^ target chip (reference base line) and of substrate Inconel 
foil were conducted. Then surface composition and concentration depth 

were carried out on a number of rf sputter-deposited chrome oxide 
films on Inconel X-750 foils. 

A spectrum taken of the as-received Inconel X-750 foil is shown in Figure 
A.l. This is a nickel base alloy (^73% Ni) with additions of Fe, Cr, Ti, 
A£, Mn, Cb, and Si. It is apparent from Figure A.l that the Ti has segre- 
gated preferentially to the surface, as the major peaks seen are those for 
Ti, plus the usually observed surface Impurity peaks for C, 0, and C£. The 
Ar peak is due to argon uptake during the light ion bombardment used to re- 
move gross surface contamination prior to making the Auger measurement. 

The Auger spectrum of the Cr20^ reference chip is shown in Figure A. 2. 

Some difficulty was experienced with this sample due to surface charging, 
a common problem with thick insulating layers. The problem was circum- 
vented by operating at reduced electron beam voltage, and allowing some re- 
sidual surface carbon contamination to remain on the surface. The resulting 
spectrum shows the expected peaks for Cr and 0; and in addition peaks for 
S, C£, and C, presumably as surface impurities. The ratio of the Cr to 0 
peak heights is consistent with the bulk composition Cr^O^. 
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AUGER INTENSITY - ARBITRARY UNITS 



Fig. A.l Auger Electron Spectra of Inconel X-750 Foil 

793288 


- 160 - 





A number of samples were selected to study any effect of sputtering para- 
meters on the coating stoichiometry. Eight chrome oxide film samples 
numbered 2, 5, 8, 9, 12, 13A, 13B, and 13A after heat treatment, were an- 
alyzed to determine near^surface composition. In sample 13A, chrome 
oxide coating was sputtered on annealed Inconel X-750 foil. The foil has 
to be heat treated at 704°C for 20 hours and air cooled before it is used 
in the bearing application. Therefore, a 13A sample was heat treated and 
also examined for any stoichiometric change. Each of these samples was 
given an argon ion bombardment dose sufficient to reduce the surface car- 
bon contaminant peak to a low level, and then an Auger spectrum was taken. 

The resulting spectra, after sputtering for about live minutes, are shown 
in Figure A. 3 and A. 4. All spectra show essentially the same ratio of 0 
to Cr peak heights. The two peaks below 50eV probably arise from a split- 
ting of the normal Cr peak at 36eV. Such splitting is often observed when 
a transition metal species is present in two different valence states, as 
is the likely case here. The small differences in the shape of the 0 and 
Cr peaks from sample to sample arise from very small changes in peak shape 
that are accentuated in the process of taking the derivative spectrum shown 
here, and are not thought to represent significant composition differences. 

Peak height intensity ratios of selected Cr and 0 peaks were taken from the 
spectra and are presented in Table A.l. Based on the reference spectra 
available, the peak height intensity ratios were converted to atomic ratios. 
The atomic ratio of the target chip was found to be 1-81, where theoretically 
it should be 1*5 for Cr^O^. There is some interaction between Cr and 0 al- 
though it is low in high energy peaks. The experimental error in case of 
oxides could be as high as 10-20%. The interaction and the experimental 
error probably accounts for the discrepancy. ^^2^3 also analyzed 

by Electron Microprobe Analysis (EMPA)*. X-ray counts/sec. of Cr and 0 were 
measured and compared with standard chromium to determine the weight % of 
Cr and remaining was assumed to be oxygen. With this analysis, the target 
chip was found to be pure ^r^O^. Assuming target to be Cr^O^, the 0 to Cr 
atomic ratio was revised as shown in the last column of the table. The 
results indicate that all eight coatings show essentially the same atomic 
ratio of 0 to Cr. The ratio observed is consistent with a composition 
close to Cr 0, possibly with an oxygen deficiency. The color of the coating 


*EMPA gives elemental distribution of about 200vim deep layer - 
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TABLE A.l 


RESULTS OF AES STUDY OF COATED SAMPLES 


Sample No. 

Peak Height Intensity 
Ratios of Selected 
0 to Cr Peaks 

(taken from Figs. III. 11 to 13) 

Atomic Ratio of 0 to Cr 

Corrected Based on 
Reference Spectra 

Corrected Based on Target 
Chip Taken as a Reference 

Cr 203 

8.0 

1.81 

1.5 

Target Chip 




2 

3.5 

0.79 

0.66 

5 

3.9 

0.88 

0.73 

8 

3.0 

0.68 

0.56 

9 

3.3 

0.75 

0.62 

12 

3.8 

0.87 

0.72 

13A 

3.6 

0.82 

0.68 

13B 

3.7 

0.85 

0.70 

13A 

4.0 

0.91 

0.76 

Coating heat 




treated 




704®C/20 hrs/AC 










Cr 

SAM 




'Cr 

$AMP 


C 

SAMPI 


Fig. A. 4 Auger Electron S 
Ion Bombardment 






in most of the cases was grayish black, sometimes with green tint. The 
coatings after heat treatment were greener. The color of CrO, Cr^O^, and 
CrO^ is supposed to be black, green, and brownish black, respectively. 
Therefore, the color of the coating probably indicates that it is either 
CrO or Cr20y or a mixture of both. 

Concentration versus depth profile of sample Nos. 12 (bias sputtered), 

5 (sputter deposit), and 13A after heat treated at 704°C/20 hours AC, 
were determined by taking Auger spectra in the course of an extended 
period of argon ion bombardment. In this study, the only species detec- 
ted in the bulk of the film were Cr and 0. As the film— substrate inter- 
face was approached, appreciable quantities of nickel and titanium were ’ 
detected. The results of these measurements are presented in Figure A. 5. 

The representative spectra showing bulk of coating, interface, and sub- 
strate are shown in Figure A. 6 to A. 8. The bombardment time to reach 
the first indication of the interface is identical for the first two 
cases, numbered 5 and 12, indicating virtually identical film thicknesses. 

The coating in sample 13A is probably thicker. 

The small variation in Auger Intensities for 0 and Cr in the bulk of the 
film are not thought to be significant. The observed decreases in inten- 
sity during the first hour of bombardment are probably due to slight 
changes in Auger electron detection efficiency due to surface roughening 
under the effects of the ion beam. The high concentration of Ti at the 
substrate surface, observed for the clean substrate material (Figure A.l) 
is not observed at the interface for either sample. It is possible that 
this layer was removed during sample conditioning (sputter etching) prior 
to the sputter deposition. 

The only major peaks observed prior to reaching the interface were chromium, 
and oxygen, in an essentially constant atomic ratio. Peaks of Ti and Ni, 
and in one case Fe, appear as the film substrate is approached and the de- 
crease in Cr apd 0 is observed. It shows that the sputtering parameters 
in the range studied do not have significant influence on the coating stoichi- 
ometry.^ 



to 



SAMPLE NO. 5 41.3 mm, 390 W, 10 MICRONS, 
1 HOUR 



SAMPLE NO. 12 41.3 mm, 390 W, 1 HOUR. BIAS 



ANNEALED AND HEAT TREATED AFTER 
COATING 


Fig. A. 5 


Depth Profiling of the Sputter-Deposited 
Cr^O^ Coatings 
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Fig, A. 7 Auger Electron Spectra of rf Suptter-Deposited Cr 203 Coating 

(Bias sputtered - No. 12) 
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The only significant difference between the samples numbered 5 and 12 is 
that the "bias sputtered" sample shows a smooth transition in composition 
as the interface is traversed, while the "sputter deposited" sample shows 
a composition spike within the interfacial region. It is possible that 
this arises from a native chromium rich oxide layer present on the sub- 
strate which contains 15% Cr prior to film formation. This native chromium, 
rich oxide layer present at the interface may be responsible for improved 
bond in the case of sample 5, As it is discussed in Section 3, the sputter 
deposited coating had a better bond than bias sputtered coating. Bias sput- 
tered coating was heavily stressed, and in some cases flaked off in handling. 
Similar results for other coating systems have been reported bv Brainard and 
Wheeler [2.7]. 

Cr to 0 atomic ratio in coating No. 13A heat treated is the same as in sput- 
tered coating No. 5. In the case of sample No. 13A after heat treatment, 
there is a smooth decrease in chromium and oxygen near the interface. How- 
ever, the presence of Fe at the interface is noticed, probably resulting 
from diffusion of substrate element. Oscillations in the chromium and 
oxygen peak height with depth near the interface, that were observed in 
sample 5, were not observed in the sample No. 13A. It appears that the 
annealing associated with the heat treatment allowed any existing inhomo- 
geneities to be relieved by diffusion. The final substrate ratios for 
the substrate are Ni: Cr: Fe: Ti = 1*00: 0*36: 0-13: 0*08. The results 
show that the coating stoichiometry from heat treatment is virtually un- 
changed and some diffusion at the interface has taken place which may 
result in improved adhesion. 

X-RAY DIFFRACTION ANALYSIS OF SELECTED SAMPLES 

Analysis determines the structure of the material to be examined. 

This technique penetrates through the sample several hundred microns. 

X-Ray diffraction study was done using a General Electric diffractometer 
at room temperature over an angle variation of 10^<20<90° using a Cr tar- 
get with a Vd filter. X-ray diffraction plots were obtained for different 
samples. ’20' values and relative intensities of the peaks were read off 

from the plots. Using the formula nX = 2d SinO, d-spacing was calculated 

o 

where X = wave length of chromium target (2.285 A) , n - order of dlffrac- 
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tion and 0 = diffraction angle. Once d-spacing and relative intensities 
are known, search for ASTM cards is made which match calculated data. 
Primarily, matching of the d-spacing is done; intensities are usually 
slightly different due to the lack of randomness of the coating particles 
in the case of coating and some absorption of X-rays by the coating com- 
ing from the substrate in the case of substrate. However, the general 
pattern is still the same. Samples examined were: No. 5 (sputter deposi- 

ted), 12 (bias sputtered), and 13A (sputter deposited on annealed foil) 
after heat treating the coating at 704®C/20 hours/AC. Tn the case of the 
first two samples, the coating was applied on Inconel X-750 foil and the 
microscope slide. Due to the possibility of diffusion during heat treat- 
ment in the third sample, it was tested only on Inconel X-750 foil. 

In the process of analyzing samples Nos. 5, 12, and 13A after heat 
treatment, we have, in order to evaluate the effect of the substrate, 
started by conducting the X-ray analysis on Inconel X-750 foil and 
glass slide substrates. The measurements on the Inconel X-750 foil 
yielded the presence of 6 peaks with positions and intensities listed 
in the enclosed data sheets. The measurements on the glass slide sub- 
strate was marked by the absence of a diffraction pattern typifying the 
amorphous structure of the system. Having characterized the background 
pattern for the substrates, a series of runs were then conducted on sam- 
ple Nos. 5 and 12 which consisted of sputtered Cr^O^ with and without a 
bias potential, and sample //13A which consisted of sputtered Cr^O^ (sp 
deposit) on annealed foil then heat treated. The first two samples ex- 
hibited after subtraction of the Inconel X-750 background pattern, a 
broad peak of very small intensity positioned at a 20 of about 54.2 + 

0.8^. The diffraction patterns are shown in Figure A. 9 and data are 

tabulated in Table A. 2. This single peak corresponding to a d-spacing 
o 

of 2.51A characterizes the presence of a microcrystalline structure of 
Cr^ within an amorphous matrix of the deposited film. This conclusion 
is reinforced in the observation of the deposited films on the glass sub- 
strate. For sample Nos. 5 and 12 deposited on glass, one notes the pres- 
ence of that broad peak at 54.2^. The diffraction patterns are shown in 
Figure A. 10 and data are given in Table A. 3 characterizing again the 
presence of some microcrystalline precipitates of Cr^O. 
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SAMPLE 12, BIAS SPUTTERED 



(704*C/20 HRS/ AC) 

Fig. A. 9 X-Ray Diffraction Data of the rf 
Sputter-Deposited Cr 203 Coatings 
(A1.3 mm, 390 10 Microns, 1 hour) 

on Inconel X-750 Substrate 
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TABLE A. 2 


X-Ray Run 

for Inconel X - 750 Substrate Using Cr Target with Vd 

Filter 

26 (degrees) 

Intensity (Arbitrary Units) 


(Angstroms) 

hkl 

39.45 

1.0 


3.39 


43.95 

5.0 


3.06 


51.20 

2.2 


2.65 


67.60 

Off Scale 


2.06 

Ni 





(ill 

75.30 

2.4 


1.87 


79.90 

8.5 


1.78 

(2oo: 

X-Ray Run for Inconel X - 750 Substrate Coated with CroO^ (sputter 

deposited. Sample #5) using Cr Target with 

Vd Filter 


2.0 (degrees) 

Intensity (Arbitrary Units) 


(Angstroms) 

hkl 

44.50 

1.8 


1.63 

Inconel 

51.80 

1.4 


2.61 

Inconel 

54.90* 

1.0 


2.47 

CrO 

68.10 

9.7 


2.04 

Inconel 

75.80 

1.2 


1.86 

Inconel 

80.40 

12.0 


1.77 

Inconel 

X-Ray Run for Inconel X - 750 Substrate Coated with CxnOo 


(bias 

sputtered. Sample //12) using Cr 

Target with Vd Filter 


26 (degrees) 

Intensity (Arbitrary Units) 

d 

(Angstroms) 

hkl 

43.95 

0.9 


3.06 

Inconel 

51.20 

0.7 


2.65 

Inconel 

53.40* 

1.5 


2.54 

CrO 

67.60 

9.0 


2.06 

Inconel 

75.30 

0.9 


1.87 

Inconel 

79.90 

6.8 


1.78 

Inconel 


*Asterisk indicates presence of additional broad peak in reference to Inconel 
substrate. 
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TABLE A. 2 (Cont'd) 


X-RAY DIFFRACTION DATA FOR Cr203 COATED INCONEL X-750 SUBSTRATE 

X-Ray Run for Inconel X - 750 Substrate with Cr20o Coating 
on Annealed Foil (Sp. deposit. Sample //13A) 


20 (degrees) 

Intensity (Arbitrary Units) 

d (Angstroms) 

hkl 

36.2 

1.8 

3.67 

Cr 203 

(012) 

43.9 

1.4 

3.06 

Inconel 

50.9 

1.7 

2.66 

(104) 

54.5 

3.5 

2.50 

(110) 

63.1 

1.1 

2.18 

(113) 

67.4 

Off Scale 

2.06 

Inconel 

75.3 

1.5 

1.87 

Inconel 

79.9 

11.5 

1.78 

Inconel 
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TABLE A. 3 


X-RAY DIFFRACTION DATA FOR Cr^O^ COATED GLASS SUBSTRATE 


X-Ray Run for Glass Substrate using Cr Target with Vd Filter 
No Peaks 

X-Ray Run for Glass Substrate with Bias Sputtered Cr 203 (Run No. 12) 
using Cr Target with Vd Filter 

^ ^ (degrees) Intensity (arbitrary units) ^ (angstroms) 

54.20 1.2 2.51 

I 

X-Ray Run for Glass Substrate with sp. deposted Cr 203 (Run No. 5) 
using Cr Target with Vd Filter 

26 (degrees) Intensity (arbitrary units) ^ (angstroms) 

54.20 0.8 2.51 


It is worthwhile noticing at that point, by referring to the diffraction 
plots, the substantial simplification in the acquisition of the data and 
the interpretation of the results in the case of the films deposited on 
glass substrates. It was henceforth recommended for future research ef- 
forts that all X-ray work on these films be carried out on glass sub- 
strates. 

The analysis of Run 13A heat treated, after the subtraction of the Inconel 

X-750 background exhibits four peaks at 36.2 + 0.2°, 50.9 + 0.2°, 54.5 + 

0.3°, and 63,1 + 0.3^. These peaks correspond to d-spacings of 3.67, 2.66, 
o 

2.50, and 2.18A, respectively; and characterize the crystalline compound 
^^2^3 Figure A. 9). The copy of ASTM cards corresponding to Cr~0 and 

Cr^O^ are shown in Figure A. 11. 
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APPENDIX B 


METALLURGICAL ANALYSIS OF RF-SPUTTERED NICHROME-BONDED CHROME OXIDE COATING 


AES ANALYSIS OF SELECTED SAMPLES 

Auger electron spectroscopy was conducted on sample Nos, 30, as sputtered 
on annealed foil and the same coating after heat treatment and 31; and 
the reference target chip. The spectra were taken with a primary electron 
beam of 3000 eV energy, 20\\A current, and a modulation voltage of 3V peak 
to peak. 

The spectrum obtained from a Ni-Cr-Cr^O^ chip is shown in Figure B.l. Great 
difficulties were encountered with this specimen due to surface charging. 
Consequently, the electron energy scale is distorted and spurious peaks due 
to charging are present. It is possible, however, to obtain approximate 
relative concentration information from the spectrum. Using the techniques 
detailed in Appendix A, we obtain the ratios Cr: 0: Ni = 1.00 : 1.16 : 0.04. 
The theoretically expected ratio, based on the nominal composition of the 
sample is Cr: 0: Ni - 1.00: 1.28: 0.57. The sample surface is thus very 
deficient in nickel. 

The Auger depth profile analysis was carried out to determine the composition 
as a function of depth within the film. The resulting depth profile for 
sample No. 30 (as coated) is shown in Figure B.2, This film was sputtered 
from the Ni-Cr-Cr^O^ target. Here the peak-to-peak heights of the Auger 
peaks for the various species detected are plotted as a function of ion bom- 
bardment time, which is proportional to etching depth. Throughout the bulk 
of the film, the only major peaks are those of chromium, oxygen, and nickel. 
The slight changes in peak height with time are most probably due to drift 
in Auger analyser sensitivity. Calculation of concentration ratios at var- 
ious bombardment times gave consistent values of Cr: 0: Ni = 1.00: 1.00: 0.38. 
The coating is slightly deficient in oxygen and nickel. A typical spectrum 
for the bulk of the film is shown in Figure B.3. As the film-substrate in- 
terface was approached, peaks typical of titanium and iron were observed; 
the nickel peaks increased and chromium and oxygen decreased. Spectra typ- 
ical of the interfacial region and the substrate material are also shown in 
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AUGER INTENSITY - ARBITRARY UNITS 



Fig. B.l Auger Electron Spectrum of Ni-Cr-Cr20- 
Target Chip (Reference) 
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AUGER PEAK HEIGHTS - ARBITRART UNITS AUGER PEAK HEIGHTS - ARBITRART UNITS 



0 * * * * ‘ * * * — * — 
0 120 240 360 480 

BOMBARDMENT TIME - MIN. 
SAMPLE NO. 30 AS COATED 



SAMPLE NO. 30 AFTER HEAT TREATMENT 


Fig. 


B.2 Depth Profiling of the Sputter 
Deposited Ni-Cr-Cr^O^ Coatings 




Fig. B 




ION BOMBARDED FOR 667 MIN. - COATING INTERFACE 



ION BOHRAROrn FOR 7?7 MIN. - '•.IIB';TRATr 


3 Auger Electron Spectra of rf Sputter-Deposited 
Ni-Cr-Cr203 Coating (Sample No. 30 as coated) 
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Figure B,3. The concentration ratios calculated for the substrate ma- 
terial are Ni: Cr: Fe: Ti - 1.00: 0.34: 0.15: 0.09. These may be compared 
to the ratios expected from the bulk composition of the substrate material 
of Ni: Cr: Fe: Ti - 1.00: 0.21: 0.09: 0.03, Indicating that the substrate 
surface is somewhat deficient in nickel. This is consistent with the re- 
sults in Appendix A. 

The depth profile of Sample No. 30, after an additional heat treatment 

in the nitrogen atmosphere is shown in Figure B.2. It differs 

from the profile obtained from the as-coated specimen primarily in that a 

significant concentration of nitrogen is found near the sample surface. 

This nitrogen concentration drops to a low value at a depth of roughly 
o 

lOOOA. The nitrogen was diffused into the surface during heat treatment. 
The bulk of the film is of essentially constant composition, with observed 
concentration ratios of Cr: 0: Ni - 1.00: 1.00: 0.16. That is, the chrome- 
to-oxygen ratio appears not to have been changed by the heat treatment, but 
the nickel concentration has been greatly reduced. As with the as-coated 
sample, peaks for titanium and iron appear as the film-substrate interface 
is approached, and the same increase in nickel and decrease in chromium 
and oxygen is observed. Typical spectra for the near-surface region, the 
bulk of the coating, and the coating substrate interface are shown in Figure 
B.4. The final concentration ratio in the substrate is Ni: Cr: Ti: Fe = 
1.00: 0.33: 0.14: 0.06, essentially identical to the value for the as- 
coated sample. 

The spectrum for bias sputtered coating (No. 31 as coated) is shown in 
Figure B.5. The spectrum shows large amounts of oxygen, chromium, and 
nickel; and small amounts of argon and carbon present as an Impurity. 

The calculated concentration ratios are Cr: 0: Ni = 1.00: 0.86: 0.35. 

The ratio of oxygen to chromium in this specimen is small compared to the 
ratio previously observed in the film prepared by sputter deposit mode 
(No. 30) or the target chip. It indicates that bias sputtering provides 
slightly oxygen-deficient coating. 
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Fig. B.5 Auger Electron Spectrum of Ni-Cr-Cr 203 Coating, 
Bias Sputtered (Sample No. 31 as coated) 

793292 ' 
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X"Ray Diffraction Analysis of Selected Samples 

A series of X-ray measurements were conducted on the following specimens: 
sputter-deposited Ni-Cr-Cr^O^ as coated on annealed foil (No. 30) and 
No. 30 after heat treatment and bias sputtered Ni-Cr-Cr^O^ on unetched 
specimen (No. 31). ’As sputtered’ coatings used for examination were ap- 
plied on the glass substrate and carbon planchets. The coating after heat 
treatment for examination was applied on Inconel X-750 because interaction 
of the substrate with the coating needed to be studied. The results for 
the carbon blank, shown in the enclosed data sheets, yielded, within the 
range of angles investigated, twelve peaks which were used for background 
standard. The X-ray data for (Sample 30) and (Sample 31) yielded a pattern 
of peaks with identical positions to those of the carbon substrate but with 
varying intensities reflecting in this case the presenceof coatings on the 
surface. The data are presented in Table B.l. The absence of any new 
lines for these coatings indicate unequivocally the amorphous nature of 
these two deposits. This conclusion is again reinforced when the X-ray 
data for the same two coating deposited on glass also yielded no diffrac- 
tion patterns (see Table B.2). 

Sample 30, after heat treatment revealed five peaks after the subtraction 
of the Inconel X-750 background. The five peaks corresponded to the com- 
pound Cr^O^ and were at 36.5 + 0.3°, 51.0 + 0.2^, 54.7 + 0.4^, 63.3 + 0.2°, 
and 86.3 + 0.2^ corresponding to d-spacing of 3.65, 2.65, 2.49, 2.18, and 
1.67 A, respectively (Table B.3 and Figure B.6). Since substrate (Inconel 
X-750 has Ni and Cr, Ni and Cr in the coatingcannot be positively identified. 
Nickel, chromium peaks, and Inconel X-750 peaks are overlapping, and vary- 
ing intensities reflect the additional presence of nickel at 67.3^ and 79.8 
and of chromium at 67.3°. 

Thus, the analysis shows that the coating is Ni-Cr-Cr^O^ after heat 
treatment and it had amorphous structure before heat treatment. 
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TABLE B.l 


t-RAY DIFFRACTION DATA FOR Ni-Cr-Cr^O-^ COATED CARBON SUBSTRATE 
X-Ray Run for Carbon Blank using a Cr Target with Vd Filter 


20 (degrees) Intensity (Arbitrary Units) d 

(Angstroms) 

hkl 

23.60 

4.5 

5.57 


26.20 

Off Scale 

5.02 


39.60 

Off Scale 

3.36 

(002) 

42.30 

0.7 

3.16 


43.40 

0.9 

3.08 


44.30 

1.2 

3.02 


54.20 

0.6 

2.50 


65.00 

1.2 

2.12 

(100) 

68.60 

1.7 

2.02 

(101) 

77.50 

0.7 

1.82 


83.60 

0.2 

1.71 


85.90 

1.2 

1.67 

(004) 

X-Ray for Sample #30 

with Carbon Substrate using Cr Target and Vd Filter 

2a (degrees) 

Intensity (Arbitrary Units) 


(Angstroms) 

23.60 

1.6 


5.57 

26.20 

6.5 


5.02 

39.60 

Off Scale 


3.36 

42.40 

0.6 


3.15 

43.40 

0.7 


3.08 

44.10 

0.7 


3.04 

54.30 

0.6 


2.50 

65.00 

1.0 


2.12 

68.60 

1.3 


2.02 

77.50 

0.5 


1.82 

83.60 

0.2 


1.71 

85.90 

0.9 


1.67 


No New Peaks 
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TABLE B.l (cont'd) 


X-Ray for 

Sample #31 with Carbon Substrate using Cr Target 

and Vd Filter 

1 (degrees) 

Intensity (Arbitrary Units) 

d (Angstroms) 

23.60 

2.0 

5.57 

26.30 

6.7 

5.01 

39.60 

Off Scale 

3.36 

42.40 

0.5 

3.15 

43.70 

0.6 

3.06 

44.20 

0.6 

3.03 

54.20 

0.7 

2.50 

65.10 

1.1 

2.12 

68.60 

1.3 

2.02 

77.40 

0.5 

1.82 

83.60 

0.4 

1.71 

85.80 

1.2 

1.67 


No New Peaks 



TABLE B.2 


X-RAY DIFFRACTION DATA FOR Nl-Cr-Cr oO^ COATED GLASS SUBSTRATE 


X-Ray for Sample #30 (As Coated) with Glass Substrate 
using Cr Target and Vd Filter 

No Peaks 


X-Ray for Sample #31 (As Coated) with Glass Substrate 
using Cr Target and Vd Filter 

No Peaks 
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TABLE B.3 


X-RAY DIFFRACTION DATA FOR Ni-Cr-Cr?0^ COATED 

INCONEL X-750 SUBSTRATE 

X-Ray Run for 

Inconel X - 750 Substrate Using Cr Target with Vd 

Filter 

20 (degrees) 

Intensity (Arbitrary Units) 

d (Angstroms) 

hkl 

39.45 

1.0 

3.39 


43.95 

5.0 

3.06 


51.20 

2.2 

2.65 

Cro 03 

(104) 

67.60 

Off Scale 

2.06 

Ni 

(111) 

75.30 

2.4 

1.87 

79.90 

8.5 

1.78 

Nl 

(200) 


X-Ray 

Run for Inconel X - 750 Substrate with Sample //30 After 
Heat Treatment using Cr Target with Vd Filter 

20 (degrees) 

Intensity (Arbitrary Units) 

d (Angstroms) 

hkl 

36.5 

1.1 

3.65 

(012)Cr20^ 

43.7 

2.2 

3.07 

Inconel 

51.0 

1.6 

2.65 

(104)Cr203 

54.7 

0.7 

2.49 

(110)Cr202 

63.3 

1.3 

2.18 

(113)Cr203 

67.3 

7.5 

2.06 

Inconel, 
Ni, Cr 

75.3 

0.5 

1.87 

Inconel 

79.8 

9.3 

1.78 

Inconel, Ni 

86.3 

0.8 

1.67 

(116)Cr202 
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, INCONEL, 
INCONEL, Ni(lll), ni(200) 

Cr202 ^*^2^3 ^*^2^3 Cr^O • Cr202 

INCONELj \^ 

30 40 50 60 70 80 90 

SAMPLE 30, SPUTTER DEPOSITED ON ANNEALED FOIL THEN HEAT 
TREATED (704“C/20 HRS/AC) 


Fig. B.6 X-Ray Diffraction Data of the rf 
Sputter-Deposited Nl-Cr-Cr 203 
Coating on Inco X-750 Substrate 


792856 
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APPENDIX C 


METALLURGICAL ANALYSIS OF RF-SPUTTERED NICHRQME COATING 
AES ANALYSIS OF NICHROME 

Auger electron spectroscopic analysis was carried out on Ni-Cr target 
chip and its coating (sample 33) . The spectrum obtained are shown in 
Figure C.l. Here, as expected, the major peaks are for nickel and 
chromium with little amount of argon and carbon. The calculated ratio 
of Ni: Cr for the target chip is 1.00: 0.427, and for the coating is 
1.00: 0.52. The ratio expected from the nominal composition is Ni: 

Cr “ 1.00: 0.25. It thus appears that the sputter etching process 
used to clean the samples prior to the Auger measurement resulted in 
significant surface enrichment of the chromium component. However, 
the ratio for the coating and the targets are comparable. 


X-Ray Diffraction Analysis of Ni-Cr 

Nichrome coatings applied on carbon and glass substrates were analyzed. 
The results for the carbon blank, shown in the Table B.l, yielded, with- 
in the range of angles investigated, twelve peaks which we used for a 
background standard. The diffraction data patterns of Sample 33 are 
shown in Figure C.2 and data are given in Table C.l. Three-highly dis- 
tinctive peaks appear both within the carbon and the glass diffraction 
patterns. These peaks positioned at approximately 39.60°, 44.20°, and 
68.10° are indicative of the definite presence in this case of the Ni- 
Cr crystalline structure. 
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ION BOMBARDED FOR 5 MIN. - COATING SURFACE 


Fig. C.l 


Auger Electron Spectra of rf Sputter-Deposited Ni-Cr Coating 
(Target chip and Sample 33) 

793283 
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iC 1 

C 


C SUBSTRATE 

(substrate 

sugI 

C SUBSTRATE 

Ni (111) 

iiWl / 



AND Cr (no) 



\ c c 

c c 

[ SUB. 

sqB, 

V SUB. SUB. 

1 i . i t 

J 

J 1 U i i 

— 1 JL _i 


20 30 40 50 60 70 80 90 

SAMPLE 33 ON CARBON PLANCHET 



Fig. C.2 X-Ray Diffraction Data of the Sputter- 
Deposited Ni-Cr Coating on Carbon 
Planchet and Glass Slide 


792858 
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TABLE C.l 


X~RAY DIFFRACTION DATA FOR NICHRQME COATING 
X-Ray for Run //33 with Carbon Substrate using Cr Target and Vd Filter 


26 (degrees) 


Intensity (Arbitrary Units) 


d (Angstroms) 


23.70 

: 0.9', 

5.57 


26.30 

9.0 

: 5.01 


39.60* ’ • 

i- . Of f Scale 

3.36 

(002) 

42.30 ;■ 

, 0.6 

3.16 


44.10* 

11.3 

3.03 


54.50 

6.6 

2.49 


65.10 

0.7 

2.12 

(100) 

68.00 

Off Scale 

2.03 

(101) 

77.40 

0.5 

1.82 


83.60 

0.5 

1.71 


85.90 

1.1 

1.67 

(004) 


^Asterisk shows additional peaks to carbon planchet 


X-Ray for Run //33 with Glass Substrate using Cr Target and Vd Filter 


20 (degrees) 


Intensity (Arbitrary Units) 


d (Angstroms) 


39.60 

3.7 

44.20 

Off Scale 

68.10 

Off Scale 


3.36 

3.02 

2.03 Ni 
( 111 ), 
Cr(llO) 
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APPENDIX D 


METALLURGICAL ANALYSIS OF RF-SPUTTERED Ni-Cr-Cr3C2 COATING 


AES ANALYSIS . “ - 

AES analyses of the target chip .and the coated sample (as coated, sample 42) 
were carried out using the technique described earlier^ All of. the spectrum 
were taken with a primary electron beam of 3000 eV energy, 20yA current, and 
a modulation voltage of 3V peak to peak. '■ 

The spectrum obtained from the target* chip after light ion bombardment clean- 
ing is shown in Figure D.l. The spectrum shows primarily carbon, chromium 
and nickel, with smaller peaks for argon, embedded in the cleaning process, 
and molybdenum, arising from the sample holder used. Concentration ratios 
were calculated using the relative sensitivity factors published in the 
Handbook of Auger Electron Spectroscopy. The resulting ratios are: C: Cr: 

Ni = 1.00: 0.60: 0.09. The theoritical ratios are: C: Cr: Ni = 1: 1.66: 

0.66. The reason for the discrepancy is not very .well understood. It is 
possible that the steady state surface composition may be different than 

* ' f , - 

that of the bulk. The spectrum of the coating shows major peaks of C, Cr, 

Ni, with the usual" embedded>carbon. ' Concentratipn ratios calculated are 
C: Cr: Ni = 1.00: 0.61: 0.07. The final film composition is thus very 
close to the composition of the target. , i 

X-Ray Diffraction Study 

X-ray diffraction analysis of Ni-Cr-Cir^C^ coated glass slide (sample 42, 
as sputtered) yielded no peaks when analyzed , indicating the presence of 
an amorphous coating on the surface. ' 









APPENDIX E 


THE EXAMINATIONS OF TEST SAMPLES BEFORE AND AFTER STATIC OVEN SCREENING 
E-1 VISUAL INSPECTION 

Table E.l Examination of Coated A286 Coupons 

Table E.2 Examination of Coated Inconel X-750 Coupons 
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TABLE E.l 


EXAlilNATION OF COATED A-286 COUPONS - OVEN SCREENING TEST 


No. 

Coating 

Before/ 
After 
Oven Test 

Max. 

Test 

Temp. 

Color 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(X400 max) 

Coating 

Hardness 

wt. 

Gain 

Gms 

Thick- 

ness 

Gain 

mm 

Comments 

Selected 
for Start- 
Stop Test 

1 

Kaman 

DES 

Before 


Greenish 

Gray 

Coating did 
not come 
off 

Scratched 
with more 
loose par- 
ticles on 
sides 

Granular 
structure 
of the 
coating 




Loose coating particles 
came off during first two 
tape pulls in after-oven 
samples. Color of coat- 
ing became greenish after 

Yes 



After 

A 

Grayish 

Green 

Coating did 
not come 
off 

Scratched 
with more 
loose par- 
ticles on 
sides 

Granular 
structure 
of the 
coating 


0.0035 


exposure; probably coat- 
ing was deficient in O 2 
and oxidized to stable 
Cr 203 . 


2 

Kaman 

SCA 

Before 


Dark 

Gray 

Coating did 
not come 
off 


Granular 
structure 
of the 
coating 




Color of coating changed 
during oven test; proba- 
bly coating was deficient 
in oxygen and oxidized to 
stable Cr 203 . 

Yes 



Af ter 

1 

Green 

Coating did 
not come 
off 

Scratched 
with more 
loose par- 
ticles on 
sides 

than before 

oven 

samples 

Granular 
structure 
of the 
coating 


0.0085 


1 

3 

Linde 

Cr3C2 

(D.C.) 

Before 

1 

Light 

Gray 

Coating did 
not come 
off 



B 



Surface of the coating 
oxidized. Light pollsli- 
ing removed the oxidized 
laver . 

■ 



■ 

1 

Grayish 

black 

Coating did ! 
not come 
off 

Scratched 

same 

Could not 
see due 
to poor 
reflection 

B 

0.0296 



H 

1 

71% PbO, 
4% SIO 2 , 
25% Ag 
(fused) 
Run #5 

Before 


Black 

with 

silver 

spots 

Coating did 
not come 
off 

Scratched 
with very 
little 
loose wear 
debris 

Could see 
silver 
particles 
In the 
coating 

64-6ft 

(13-N) 



Surface became brownish, 
probably PbO converted 
to Pb 304 at surface. 

Very light polishing re- 
moved this layer. Coat- 
ing appearance underneath 

■ 

1 



After 


Black 

with 

silver 

spots 

Coating did 
not come 
off 

Sera tched 
with very 
little 
loose wear 
debt i s 

Could see 
silver 
particles 
In the 
coating 


0.0012 

1 

unchanged . 

■ 
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TABLE E.l (cont'd) 


No. 

Coating 

Before/ 
After 
Oven Test 

Max. 

Test 

Temp. 

Color 

Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examinat ion 
(X400 max) 

Coating 

Hardness 

Wt. 

Gain 

Gms 

Thick- 

ness 

Gain 

mm 

, i 

Comments 

Selected 
for Start- 
Stop Test 

5 

85.2% 
FbO, 
4,8% 
SIO 2 ^ 
10% Ag 

Before 


Black 

Coating did 
not come 
off 


Fairly 

smooth 

42-47 



Surface became brownish 
probably PbO converted 
to Pb 30 ^ at surface. 

Very light polishing re- 
moved this layer. Coating 
appearance underneath 
unchanged . 

Yes 

(Run ifS) 

After 

A 

Brown 
at top 
Black 
under- 
neath 

Coating did 
not come 
off 

- 

Fairly 

smooth 

60 

(15-N) 

- 

-■ 

6 

NASA 
PS] 20 
(P.S.) 

Before 


Steel 

Gray 

Coating did 
not come 
off 


Fairly 
smooth, 
could see 
silver 
particles 

60-65 

(15-N) 



Coating peeled off at the 
interface entirely. 

No 

After 


Black 

Coating did 
not come 
off 


Coating 

peeled 

off 




■ 

m 

Be fore 


Steel 

Gray 

Nothing 
came off 

- 

Fairly 

smooth 

69-72 

(15-N) 

- 

- 

Coating peeled off at the 
Interface entirely 

1 

No 

After 


Black 

Nothing 
came off 

~ 

Coating 

peeled 

off 




8 

Zr02" 

CaF2 

(P.S.) 

Before 


Grayish 

Wilte 

Nothing 
came off 

- 

Coating 

porous 

57-63 

(15-N) 

— 

— 

Coating separated at the 
Interface during thermal 
cycling. 

No 

After 


Yellow- 1 
ish 

White 1 

Nothing 
came off 


Coating 

separated 



1 

9 

Cr2°3 

(sp.) 

Before 

1 

Dark 

Gray 

Nothing 
came off 

Crack 
with no 
branch 
cracking 

Smooth, 
can see 
substrate 
topography 




Coating unchanged. 

Yes 

After 

■ 

Dark 

Gray 

Nothing 
came off 

Crack 
with no 
branch 
cracking 

Smooth , 
can see 
substrate 
tt'pograpliy 









































TABLE £♦! (cont*d) 


No . 

Coating 

Before/ 
After 
Oven Test 

Max. 

Test 

Temp. 

Color 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Fxaminat ion 
(X400 max) 

Coating 

Hardness 

Wt. 

Gain 

Gms 

Thick- 

ness 

Gain 

mm 

Comments 

Selected 
for Start- 
Stop Test 

10 

NASA PS 
122 

(P.S.) 

Before 


Steel 

Gray 

Nothing 
came off 


Fairly 

smooth 

69-72 

(15-N) 



Coating clianged color 
otherwise unchanged. 

Yes 

After 

B 

Dark 

Gray 

Noth Ing 
came off 

- 

fairly 

smooth 

67-78 

(15-N) 

0.18 

<1 

11 

NASA 

PS120 

(r.s.) 

Before 


Steel 

Cray 

Nothing 
came off 


fairly 

smooth 

60-65 

(15-N) 



Ag on the coating surface 
much more obvious and the 
coating feels rougher 
after oven test. Silver 
probably melted and 
agglomerated . 

Yes 

After 

B 

Mostly 
Ag in 
black 
back- 
ground 

Nothing 
came off 

- 

Silver 
much more 
prominent 

59-66 

05-N) 

0.33 

1 

12 

CdO- 

Graphite 
on Metco 
CrjC, 

Before 


Black 

Very 
little 
coating 
came off 


Could see 
CdO par- 
ticles 




Coating appearance 
unchanged. 

Yes 

After 

C 

Black 

Very 
little 
coating 
came off 

Scratched 

same 

Could see 
CdO 

particles 


-0.0479 

0.05 


A - f>50®C/100 lirs/10 tliermal cycles 
B -v 5*40®C/100 !irs/IO thermal cycles 
C - ' 42 7® C/ 100 hrs/lO tliermal cycles 



TABLE E.2 


EXAMINATION OF COATED INCO X-750 COUPONS OVEN SCREENING TEST 


No. 

■ 

Coating 

Before/ 
After 
Oven Test 

MaximuiD 

Test 

Temp. 

Color 

Flex Test 
4x106 
Cycles 
Total 
Flex 
12.7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

— 

Microscope 
Examination 
(x AOOmax.) 

Weight 

Gain 

Gms 

Thick- 

ness 

Cain 

mm 

Comments 

Selected 
for Start- 
Stop Test 

1 

Cr203 
(bias sp.) 
Run tfl2 

Before 


Grayish 

black 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 

substrate 

topography- 

smooth 

coating 



Coating appearance unchanged 

No 

After 

A 

Dark gray 
with 
streaks 
of green 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 

substrate 

topography- 

smooth 

coating 

-0.000 

6 - 

2 

Cr 203 (sp. 
deposit) 
Run tfl5 

Before 


Grayish 

black 

with 

green 

tint 

OK 

Coating did 
not come off 

Scratched 
with very 
little 
debris on 
sides 

Could see 

substrate 

topography- 

smooth 

coating 

1 

1 

Coating appearance unchanged 

Yes 

After 

A 

Grayish 

black 

OK 

Coating did 
not come of f 

Scratched 
with very 
little 
debris on 
sides 

Could see 

substrate 

topography- 

smooth 

coating 


1 

3 

Cr 203 (sp. 
deposit) 
Run It 16 

Before 

j 

Grayish 

black 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides . 

Could see 

substrate 

topography- 

smooth 

coating 


1 

Coating appearance unchanged 

1 

j 

Yes 

After 

A 

Black witl 
green tint 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 

substrate 

topography 

smooth 

coating 


1 























TABLE E.2 (cont'd) 


No. 

Coating 

Before/ 
After 
Oven Test 

Maximum 

Test 

Temp, 

Color 

Flex Test 
4 x 1Q6 
Cycles 
Total 
Flex 
12. 7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(x AOOmax.) 

Weight 

Gain 

Gms 

Thick- 

ness 

Gain 

am 

Comments 

Selected 
for Start- 
Stop Test 

4 

Cr203 (sp. 
deposit) 
on annealed 
foil 

Run tfl3A 

Before 


Grayish 

black 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 

substrate 

topography- 

smooth 

coating 



Coating appearance unchanged 

Yes 

After 

A 

Grayish 

black 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 

substrate 

topography- 

smooth 

coating 



5 

TiC (sp.) 

Quad 

Group 

Before 


Steel gray 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 
substrate 
topography- 
coating 
uni form 

0.0006 


Coating was 3000®A thick. Coating com- 
pletely oxidized during oven test. 

No 

After 

■ 

Substrate 

Color 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 
substrate 
topography- 



1 

6 

Ag (sp.) 

Before 


Silver 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Smooth and 

uniform 

coating 



Surface oxidized. Coating intact 
underneath 

Yes 

After 

■ 


OK 

Coating did 
not come off 

Could see 
silver 
under 
scratch 


0.0069 

1 





















TABLE E.2 (cont'd) 


No. 

Coating 

Before/ 
After 
Oven Test 

Maximum 

Test 

Temp. 

Color 

Flex Test 
4 x 106 
Cycles 
Total 
Flex 
12.7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(x AOOmax.) 

Weight 

Cain 

Gms 

Thick- 

ness 

Gain 

mm 

Comnients 

Selected 
for Start- 
Stop Test 

7 

Karoan DES 
50-100 pin. 
thick 

Before 


Irides- 
cence of 
brown, 
green, etc. 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 
substrate 
topography- 
coating 
granular 



No change in coating appearance after test 

Yes 

After 

A 

Irides- 
cence of 
brown, 
green, etc. 

OK 

Coating did 
not come off 

Scratched 
with some 
debris on 
sides 

Could see 
substrate 
topography- 
coating 
granular 



8 

Ni-Cr- 
Cr 203 (sp. 
deposit) 
Run 038 

Before 


Dark steel 
igray 

OK 

Nothing 
came off 


Smooth 
coating, 
can see 
substrate 
topography 



Coating color changed. Free chromium in the 
coating oxidized to stable 

Yes 

After 

■ 

Irides- 
cence of 
green, red 
in grayish 
black 

OK 

Nothing 
came off 


Microspots 
on the 
surface 


1 
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TABLE E.2 (cont*d) 



No. 

Coating 

Before/ 
After 
Oven Test 

Maximum 

Test 

Temp. 

Color 

Flex Test 
«xl 06 
Cycles 
Total 
FI ex 
12.7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(x AOOraax.) 

Weight 

Gain 

Gms 

Thick- 

ness 

Gain 

mm 

Comments 

Selected 
for Start- 
Stop Test 

9 

Ni-Cr (sp. 
deposit) 
Run lif39 

Before 


Steel gray 
\ 

OK 

Nothing 
came off 


Smooth coat' 
ing can see 
substrate 
topography 



Free chromium oxidized to stable Cr203. 
No other change in general appearance 

Yes 

i 


After 

A 

Irides- 
cence of 
green and 
red , 

OK 

Nothing 
came off 


Surface 

spotty 

-O.002C 




Ni-Cr-Cr 203 

w/Ni-Ct 

Before 


Steel gray 

OK. 

Nothing 
came off 


Coating' 
smooth, can 
see sub- 
strate 
topography 



Coating color changed, appearance 
same otherwise ' 

Yes 

10 

underlay on 
annealed 
foil (sp. 
deposit ) 

Run jfAO 

. After 

A 

Irides- 
ence of 
green and 
red 

-OK.. 

Nothing • 
came off 


Microspots 
on the 
surface 

-0.0016 




Ni-Cr-Cr 203 

w/Nl-Cr 

underlay 

and Ag 

overlay 

(sp* de- - 

posit) 

Run HI 

Before . 


Silver . 
color ^ 

OK 

Nothing 
came off. 


Surface re- 
flective , 
can see som< 
substrate 
topography 



Coating after oven test became spotty 
probably silver oxidized somewtiat as 
expected 

Yes 

11 

After 

A 

Almost 

black 

OK 

Nothing 
came off 


Surface has 

numerous 

microspots 

-.0014 






TABLE E.2 (contM) 


No. 

Coating 

Before/ 
After 
Oven Test 

Maxinmn 

Test 

Temp,* 

Color 

Flex Test 
AxlO^ 
Cycles 
Total 
Flex 
12.7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(x AOOmax.) 

Weight 

Gain 

Cms 

Thick- 

ness' 

Cain 

mm 

Comments 

Selected 
for Start- 
Stop Test - 

12 

Ni-Cr- 

Cr3C2 

(sp. 

deposit) 

Before 


Steel .gray 

. OK , . 

Nothing 
came off 


Smooth » can 
see sub- 
strate 
topography 



It. seems coating reacted and became spotty 

No 

After 

A ' 

Yellowish 
gray and . 
spotty 

OK 

Nothing 
came off 


Surface 
very spotty 

-0.0017 


13 

Ni-Cr 
Cr3C2 
(bias sp.) 

Before 


Light gray 

OK 

Nothing .. 
came off 


Smooth, can 
see sub- 
strate 
topography 

1 

1 

It seems coating reacted and became spotty 

No 

After 

■ 

Yellowish 
gray and 
spotty 

OK 

Nothing 
came off 

< 

Surface 
very spotty 


1 

lA 

Ni-Cr- : 

Cr3C2 
(sp. de- 
posit) on] 
annealed 
foil 

Before ; 

■ 


Light gray 

■ 

OK 

Nothing ! 

came off 


Smooth can 
seen sub- 
strate 
topography 


’ 

It seems coating reacted and became spotty 

No 

After 

■ 

Blue with 
spots 

■ 

Nothing 
came off 

1 


-.0020 




















TABLE E.2 (cont*d) 


No. 

' 

Coating 

Before/ 
After 
Oven Test 

Maximum 

Test 

Temp. 

Color 

Flex Test 
4x10* 
Cycles 
Total 
Flex 
12*7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(x 400 max.) 

Weight 

Cain 

Cms 

Thick- 

ness 

Gain 

mm 

Comments 

Selected 
for Start- 
Stop Test 

15 

61.5% PbO, 
3.5Z Si02- 
25Z Ag, lOZ 

(fused) 

Run 

Before 


Black with 
Ag 

particles 

OK 

Nothing 
came off 

Scratched 
with little 
debris 

Coating 

porous 



Top of the coating oxidized. When 
burnished, coating underneath OK 

Yes 

After 

A 

Brownish 
black with 
Ag 

particles 

OK 

Nothing 
came off 

Scratched 
with little 
debris 

Coating 

became 

rougher 



16 

CaF 2 - 

BaF2 

eutectic 
+ Ag 
OSF f' 
(fused) 

Before 


Nearly 

black 

OK 

Nothing 
came off 

- 


- 


Coating oxidized on surface with blisters. 
Coating Intact underneath. 

Yes 

After 

A 

Grayish 

black 

OK 

Nothing 
came off 


Looks 

rough 



17 

75.82 PbO, 
4.22 SIO 2 , 
102 Ag. 

102 Fe304 
(Run #7) 
(fused) 

Before 


Black 

OK 

Nothing 
came off 


Smooth 



Can see some coating on edges of uncoated 
side. Probably melted and flowed some- 
what. Coating recrystallized probably 
due to melting. After polishing, original 
coating can be recovered. 

1 

1 

Yes 

After 

A 

Black 

OK 

Nothing 
came off 

- 

Forms a 

crystalline 

structure- 

surface 

rougher 

0.003 

1 




TABLE E.2 (contM) 


No. 

Coating 

Before/ 
After 
Oven Test 

Maximum 

Test 

Temp. 

Color 

Flex Test 
4x10^ 
Cycles 
Total 
Flex 
12.7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(x AOOmax.) 

Weight 
Gai n 
Gins 

Thick- 

ness 

Gain 

mm 

Comments 

Selected 
for Start- 
Stop Test 

18 

85.2% PbO, 
A. 8% S102, 
10% Fe 304 
(Run #9) 
(fused) 

Before 


Black 

OK 

Nothing 
came off 

- 

Smooth 



Coating surface appearance unchanged 

Yes 

After 

A 

Black 

OK 

Nothing 
came off 

■ 

Smooth 

0.0002 

■ 

19 

Tie 

(ARE) 

Before 


Gray 

OK 

Nothing * 
came off 

Scratched 
with very 
little 
debris 

Coating 
smooth and 
uniform 



Coating foil as received was stressed. 
Coating in more than half of the foil 
was oxidized. 

No 

After 

B 

Gray 

where 

coating 

survived 

OK 

Nothing 
came off 

Scratched 
with very 
little 
debris 

Coating in 
most of 
the area 
oxidized 

0.005 


20 

■ 

HfN 

(ARE) 

Before 


Gray 

OK 

Nothing 
came off 


Coating 
smooth and 
uniform 



Coating oxidized. The surface liad 
interference pattern due to chin coat- 
ing left after oxidization. 

No 

After 

B 

! 

Almos t 
black 
Irides- 
cence of 
blue, red 
and purple 

OK 

Nothing 
came off 


Coating 

oxidized 

0.007 





























TABLE E.2 (cont'd) 


No. 

Coating 

. 

Before / 
After 
Oven Test 

’ 

Maximum 

Test 

Temp. 

Color 

Flex Test 
4x106 
Cycles 
Total 
Flex 
12.7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(x AOOmax.) 

Weight 

Gain 

Gms 

Thick- 
ness 
Ga 1 n 
mm 

Comments 

Selected 
for Start- 
Stop Test 

21 

CdO-Graph“ 
Ite (Air 
sprayed) 

Before 


Black 

OK 

Very little 
coating 
came off 

Scratched 
with some 
debris on 
sides 

Dark with 
visible CdC 
particles 



Coating appearance unchanged 

Yes 

After 

C 

Black 

OK 

Very little 
coating 
came off 

Scratched 
with some 
debris on 
sides' 

Dark with 
visible CdC 
particles 

-O.OOSf 

- 

22 

CdO-Graph- 
Ite Ag (All 

. Before 


Black with 

silver 

spots 

OK 

L _ .. 

Very little 
coating 
came off 

Scratched 
with some 
debris on 
sides 

Dark with 
visible Ag 
particles 



Coating turned yellowish at spots 

Yes 

sprayed) 

After 

C 

Black with 

silver 

spots 

OK 

Very little 
coating 
came off 

Easier to 
flake off 
coating 

Dark with 
visible Ag 
particles 

-0.028 

1 

‘0.2 

1 


*Heaced in a metal muffle 



TABLE E.2 (contM) 


No. 

Coating 

Before/ 
After 
Oven Test 

Maximum 

Test 

Temp. 

Color 

Flex Test 
Ax 106 
Cycles 
Total 
Flex 
12.7 mm 

Surface 
Adhesion 
Test by 
Scotch Tape 

Scratch 
Test Under 
Microscope 

Microscope 
Examination 
(x 400 max.) 

Weight 
Ca in 
Gms 

Tlilck- 

ness 

Gain 

mm 

Comments 

Selected 
for Start- 
Stop Test 

23 

CdO- Graph- 
ite Ag* 
(Air 

sprayed) 

Before 


Black with 

silver 

spots 

OK 

Very litt).e 
coating 
came off 





Coating unchanged in color and general 
appearance 

Yes 

After 

C 

Black with 

silver 

spots 

OK 

Very little 
coating 
came off 

Easier to 
flake off 
coating 

Dark with 
visible Ag 
particles 

-.0119 

- 

24 

Kaman DES4- 

SCA 

(C.A.) 

Before 


Greenish 

black 

OK 

1 

Nothing 
^caroe off 

! 

Scratched 
with some 
debris on 
sides 

Can't see 
any 

structure 



Coating became greener after oven test 
probably o){ygen deficient chrome oxide 
turned to most stable oxlde-Cr^O^ 

Yes 

After 

■ 

Greenish 
dark gray 

OK 

Nothing 
came off 

Scratched 
with some 
debris on 
sides 

Can't see 
any 

structure 

11112 

1 


* Heated In a metal muffle. 

A - 650®C/100 hours/10 thermal cycles 
B - 5A0®C/100 hours/10 thermal cycles 
C - 427“c/100 hours/10 thermal cycles 







APPENDIX F 


PHOTOGRAPHS OF BEARING SURFACES AFTER START/STOP TESTS 


The Appendix includes the photographs (Figures F.l to F. 15 ) of the jour- 
nal and foil surfaces after partial arc start/stop tests, not included 
in Section IV. 
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PREOXIDIZED FOIL 


PREOXIDIZED JOURNAL 


Fig. F.l Photographs of Surfaces After 1500 Cycles 
(Max. Terap.-hSO^C, Test No. 4) 


CdO-GRAPHITE ON FOIL 


CdO-GRAPHITE ON JOURNAL 


Fig. F.2 Photographs of Surfaces After 3000 Cycles 
(Max. Temp.-427°C, Test No. 8) 


CdO-GRAPHITE ON FOIL 


CdO-GRAPHITE + METCO Cr^C 
ON JOURNAL 




CdO-GRAPHITE-Ag ON FOIL 


Cr^Co ON JOURNAL 


Photographs of Surfaces After 3000 Cycles 
(Max. Temp. -427 °C, Test No. 3) 


PREOXIDIZED FOIL 


NASA PS 120 ON JOURNAL 


Fig. F.5 Photographs of Surfaces After 3000 Cycles 
(Max. Temp. - 540°C, Test No. 13) 


PREOXIDIZED FOIL 


NASA PS 122 ON JOURNAL 


F.6 Photographs of Surfaces After 4500 Cycles 
(Max. Temp. - 540°C, Test No. 15) 






ZrOo - CaFo ON JOURNAL 


PREOXIDIZED FOIL 


F.7 Photographs of Surfaces After 600 Cycles 
(Max. Temp. - 650°C, Test No. 26) 


PREOXIDIZED JOURNAL 


Fig. F.8 Photographs of Surfaces After 1000 Cycles 
(Max. Temp. - 260°C, Test No. 9) 





PbO-SiO.-Ag ON JOURNAL 


PREOXIDIZED FOIL 


Fig. F.9 Photographs of Surfaces After 1000 Cycles 
(Max. Temp.- 260°C, Test No. 10) 
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PREOXIDIZED JOURNAL 


Photographs of Surfaces After 50 Cycles 
(Max. Temp. - 260°C, Test No. 17) 


PREOXIDIZED FOIL 


Fig. F.ll Photographs of Surfaces After 1( 
(Max. Temp.- 260°C, Test No. 18) 


PREOXIDIZED JOURNAL 


Fig. F.12 Photographs of Surfaces Aft 
(Max. Temp. - 370°C, Test No 








PREOXIDIZED JOURNAL 


Fig. F.13 Photographs of Surfaces After 100 Cycles 
(Max. Temp.- 650°C, Test No. 16) 



-iV' * ‘ 

S'l'. 


5 . ‘tCx . 




ON JOURNAL 


Fig. F.14 Photographs of Surfaces After 3000 Cycles 
(Max. Temp. - 650®C, Test No. 7) 


Cr.Oo ON JOURNAL 


Fig. F.15 Photographs of Surfaces After 3000 Cycles 
(Max. Temp. ~ 650^C5 Test No. 24) 



1. Report No. 2. Government Accession No. 

NASA CR-159848 


4. Title and Subtitle HIGH TEMPERATURE SELF -LUBRICATING 
COATINGS FOR AIR LUBRICATED FOIL BEARINGS FOR THE 
AUTOMOTIVE GAS TURBINE ENGINE 


7. Author{s) 


3. Recipient's Catalog No. 


5. Report Date 

April 1980 


6. Performing Organization Code 


8. Performing Organization Report No. 

MTI 79TR76 


11, Contract or Grant No. 

DEN 3-43 


14. Sponsoring Agency Code 

DOE/NASA/0043-2 


Bharat Bhushan 

I 10. Work Unit No. 

9. Performing Organization Name and Address 

Mechanical Technology Incorporated 

968 Albany-Shaker Road 

Latham, New York 12110 

13. Type of Report and Period Covered 

12. Sponsoring Agency Name and Address ^ . j. . 

U. S. Department of Energy Contractor Report 

Division of Transportation Energy Conservation 
Washington, D. C. 20545 


15. Supplementary Notes 

Final report. Prepared tinder Interagency Agreement EC-77-A-31-1040. Project Manager, 
Harold E. Sliney, Structures and Mechanical Technologies Division, NASA Lewis Research 
Center, Cleveland, Ohio 44135. 


16. Abstract 

The objective of this program was to further develop the coating combinations identified in a 
previous program for compliant surface bearii^s and journals to be used in an automotive gas 
turbine engine. The coatii^s should be able to withstand the sliding start/stops during rotor 
liftoff and touchdown and occasional short-time, high speed rubs under representative loading 
of the ei^ine - 14 kPa and at 35 kPa if possible, and at a maximum temperature of 427® - 650® C. 
Some dozen coating variations of CdO-graphite, CrgOg (by sputtering) and CaF 2 (plasma 
sprayed) were idehtified. The coatii^s were optimized and they were examined for stoichiom- 
etry, metallurgical condition, and adhesion. Sputtered Cr20g was most adherent when opti- 
mum parameters were used and it was applied on an annealed (soft) substrate. Metallic binders 
and interlayers have been used to improve the ductility and the adherence. The following 
coating combinations have satisfied the above requirements: CdO-graphite-Ag (HL-800-2 ) 

on foil versus det. gun CrgC 2 good up to 427® C and sputtered Cr20g versus det. gun CrgC 2 
good from RT to 427® - 650® C. 


17. Key Words ISuggested by Author(s)) 

Gas bearings; Sputtering; Foil bearings; 
Detonation gun; Coatings; Air spray; Ma- 
terials; Plasma spray 


18. Distribution Statement 

Unclassified - unlimited 
STAR Cat^ory 27 
DOE Category UC-96 


19. Security Classif. (of this report) 

Unclassified 


20. Security Classif. (of this page) 

21. No. of Pages 

Unclassified 

231 


22. Price* 

All 


For sale by the National Technical Information Service, Springfield, Virginia 22161 


*USGPO! 1980 — 657-145/5229 





















